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ABSTRACT 
 
Solid-Supported Phospholipid Bilayers: Separation Matrix 
 for Proteomics Applications. (May 2008) 
Arnaldo Joel Diaz Vazquez, B.S.,  
University of Puerto Rico – Rio Piedras 
Co-Chairs of Advisory Committee:  Dr. Paul S. Cremer 
                                                      Dr. James C. Hu 
 
This dissertation focuses on the development of biological platforms on which 
the function and characterization of transmembrane proteins can be performed 
simultaneously utilizing a biomembrane mimic consisting of a solid supported 
phospholipid bilayer (SLB). The study centered on the platform development, 
biophysical measurements of transmembrane proteins and membrane species 
chromatography. Membrane proteins play an essential role in various cellular and 
physiological processes. Their normal functions are essential to our health, and many 
impaired proteins have been related to serious diseases. Gaining a better understanding 
of membrane proteins is an essential step towards the development of more specific and 
competent drugs.  
This research study is divided into two main parts. The first part centered on the 
creation of a new platform for allowing transmembrane proteins to freely move inside 
supported lipid bilayers with the same mobility that can be found in vesicle systems. 
SLBs have been extensively used as model systems to study cell membrane processes 
 iv
because they maintain the same two-dimensional fluidity of lipids within the membrane 
found in live cells. However, one of the most significant limitations of this platform is its 
inability to incorporate mobile transmembrane species. Our strategy involves supporting 
the lipid bilayer on a double cushion, where we not only create a large space to 
accommodate the transmembrane portion of the protein, but also passivate the 
underlying substrate to reduce non-physiological protein-substrate interactions. High 
diffusion constants and high mobile fractions were obtained for a transmembrane protein 
reconstituted within this double cushion system. 
The second area of this study focuses on the creation of a new method to rapidly 
separate membrane components using electrophoresis in SLBs. This work showed that 
even subtly different chemical isomers can be well-separated by a simple electrophoretic 
technique when cholesterol is present in the separation matrix. As a first step towards the 
purification of proteins, this work showed that streptavidin proteins doubly bound to a 
bilayer by a biotinylated lipid can be separated from streptavidin proteins which are 
singly bounded.  
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CHAPTER I 
INTRODUCTION 
 
1.1 Purpose and Objectives 
Advances in sensor technology, proteomics and drug design have led to an 
intense interest in developing better and more accurate techniques for the study and 
characterization of membrane proteins. One third of the genome of any organism 
encodes membrane proteins such as receptors, transporters and ion channels.1,2 These 
proteins play an essential role in many cellular and physiological processes, such as cell 
signaling, transport of ions and nutrients, viral entry and pathogen attack. Cell signaling 
governs basic cellular activities and coordinates cell actions. The ability of cells to 
perceive and correctly respond to their microenvironment is the basis of development, 
tissue repair, and immunity. Errors in cellular information processing are responsible for 
diseases such as cancer, autoimmunity, depression, heart disease, diabetes, addictions 
and cystic fibrosis. Therefore, a significant effort is devoted by scientists around the 
world to understand these proteins, i.e. determining their sequence, structure, and 
function.  
Membrane proteins are notoriously difficult to prepare in pure, correctly-folded 
form in sufficient quantity for drug discovery purpose. Because they make up 60 percent  
 
________________________ 
This dissertation follows the style and format of the Journal of the American Chemical 
Society. 
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of all drug targets,3 researchers are working to overcome the challenges. Current 
methods to separate and purify membrane proteins require expression of the protein 
within a host cell, lysis of the membrane, solubilizing the proteins with a detergent 
(denaturing them, causing loss of structure and function), and their separation by gel 
electrophoresis techniques. After this experimental procedure, the yield of 
transmembrane proteins is small; these constraints make it difficult to simultaneously 
study the function and determine the sequence and structure of the macromolecules. 
Therefore, improvements within this field will be extremely helpful for biotechnological 
industry and biomedical research.  
This dissertation focuses on the development of a system in which the function 
and characterization of transmembrane proteins can be done simultaneously, utilizing a 
biomembrane mimic consisting of a solid supported phospholipid bilayer (SLB) lab-on-
a-chip. The study focuses on the platform development, biophysical measurements of 
transmembrane proteins and membrane species chromatography. Supported 
phospholipid membranes retain two-dimensional lateral fluidity and provide an excellent 
environment for membrane proteins. These key parameters made this membrane 
supported platform an ideal system for applications in biosensors and lab-on-a-chip 
devices. My work is divided into two areas. The first area is centered in the creation of a 
new platform for allowing transmembrane proteins to freely move inside supported lipid 
bilayers with the same mobility that can be found in vesicle systems.  The second area 
focuses on the creation of a new method to rapidly separate membrane components 
using electrophoresis in a solid supported bilayer.  
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The first chapter of this dissertation emphasizes the purposes and objectives of 
this dissertation, as well as background information in the area of study. An overview of 
the analytical techniques and experimental procedures employed throughout this study is 
presented in Chapter II. A double cushion system which affords two-dimensional lateral 
mobility for a transmembrane protein is described in Chapter III. Chapter IV focuses on 
the development of a simple on chip supported bilayer separation matrix for use in 
separating membrane-bound species. Chapter IV also includes the imaging of the 
separated species by Mass Spectrometry. In Chapter V we move one step further and 
expand supported bilayer electrophoresis for the movement of peripheral proteins. 
Chapter VI focused on the biopreservation of supported lipid bilayers using trehalose. 
Finally, Chapter VII contains a compilation of conclusions and suggestions for future 
work in the field. 
 
1.2 The Cell Membrane 
 
Structure and Properties of the Cell Membranes  
The biological membrane plays a significant role in almost all cellular processes.  
The membrane surrounding the living cell serves several functions, such as control of 
solute permeability and recognition events.4,5 Membranes regulate the flow of ions, 
water and other molecules entering and leaving the cell. They contain biomolecules that 
aid in directing the flow of information between cells, either by recognizing signal 
molecules received from other cells or by sending chemical or electrical impulses to 
other cells via signal transduction pathways.  
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In 1972, Singer and Nicolson, presented the fluid mosaic model to explain the 
arrangement of biological species in the cell membrane.6 The model states that the 
membrane consists of a phospholipid bilayer with proteins of various lengths and sizes 
interspersed with cholesterol among the phospholipid. The struture is highly fluidic and 
the lipids and proteins are free to move in the plane of the membrane. Figure 1.1 shows a 
diagrammatic representation of the general structure of the biological membrane.   
The bilayer consists of a thin layer of amphipathic lipids which spontaneously 
self-arrange so that the hydrophobic tails are protected from the surrounding aqueous 
environment, causing the hydrophilic head groups to orient toward the cytosolic and the 
extracellular medium.5 The forces that hold these structures together are weak Van der 
Waals, hydrophobic, hydrogen-bonding and electrostatic interactions. There are three 
major types of lipids found in bilogical membranes: phospholipids, glycolipids and 
cholesterol. Phospholipid molecules are the major structural components of most 
membranes, including phosphatidylcholine (PC), phosphatidylethanolamine (PE), 
phosphatidylserine (PS), phosphatidylinositol (PI), and cardiolipin. These molecules, 
also called glycerophospholipids, consist of a phosphate-containing head group with 
saturated or unsaturated hydrocarbon chains connected to a glycerol via ester bonds.  
The length and degree of unsaturation of fatty acids chains have a profound effect on the 
membrane fluidity. Glycosphingolipids, another class of lipids in the membrane, which 
include cerebrosides and gangliosides, differs from phospholipids in that glycolipids 
have a sugar molecule, such as glucose or galactose, instead of the phosphate-containing 
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Figure 1.1 A schematic picture of the cell membrane composed of a lipid bilayer and 
integral proteins.7  
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head groups. These kinds of lipids are found only on the outer surface of the membrane 
with their sugar moieties exposed to the extracellular environment.  
Cholesterol is a small molecule non-uniformly distributed throughout the cell 
membranes of eukaryotic organisms.8 It has a structure significantly different from the 
phospholipids and glycolipids. Cholesterol contains a four-ring steroid structure together 
with a short hydrocarbon side-chain and a hydroxyl group. It is known that cholesterol 
modifies the structure and dynamic properties of the membrane by changing the packing 
properties within the bilayer. Increasing amounts of cholesterol lead to a decrease in the 
fluidity and permeability of the membrane. The interaction between cholesterol and 
lipids are thought to be essential for the formation of rafts in the cell membrane. It has 
also been shown that cholesterol interacts more strongly with saturated lipids than with 
the highly unsaturated lipids.  
Bilayer fluidity is affected by different factors such as temperature, fatty acid 
composition and cholesterol content. At low temperature, the hydrocarbon tails of the 
lipids can pack closely together to form an ordered arrangement know as the gel state. 
As the temperature is increased, the lipid molecules vibrate more rapidly causing the 
bilayer to melt into a more disordered arrangement, which is more fluidic. The 
temperature at which the lipid bilayer melts is called the phase transition temperature; 
for most biological membranes this is in the range 10-40 °C.  
 
 
 
 7
Membrane Proteins  
 While the lipid bilayer determines the basic structure of biological membranes, 
the majority of the cellular and physiological processes are carried out by membrane 
proteins. About 25-30% of all proteins are membrane proteins.1,2,9  Membrane proteins 
are classified based on their interaction with the cell membrane. Peripheral membrane 
proteins are those proteins that temporarily adhering to the biological membrane through 
electrostatic interactions and hydrogen bonding with other membrane proteins or lipids 
head groups. Peripheral proteins can be easily removed from the membrane surface by 
mild treatments such as changes in pH or ionic strength.10 Transmembrane proteins refer 
to those proteins that span the whole biological membrane. The transmembrane regions 
of the proteins are either beta-barrels or alpha-helical. These proteins are key players in 
numerous biological processes, such as cell signaling and the transport of ions and 
nutrients. They are more difficult to isolate than peripheral proteins, as they are strongly 
bounded to the membrane by hydrophobic interaction between the membrane proteins 
and the lipid bilayer. This strong interaction can only be disrupted by the use of 
detergents, organic solvents, or denaturant. Other proteins are associated to the lipid 
membrane via a covalent linkage between the protein and the lipid head groups. Figure 
1.2 shows the different types of membrane proteins.11   
 The first evidence for the existence of integral membrane proteins was obtained 
from freeze-fracture techniques. In this procedure, developed back in the 60’s by Daniel 
Branton and coworkers,12 membranes are rapidly frozen in liquid nitrogen before being 
fractured with a cold microtome knife. The bilayer comes apart into its two monolayers, 
 8
 
 
 
 
 
 
Figure 1.2 Schematic representation of the different types of membrane proteins. A) 
Single-pass transmembrane protein ; B) Multiple-pass transmembrane protein; C) Lipid-
linked membrane protein; D) Peripheral proteins.  
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which can be examined by electron microscopy.   
 Membrane proteins act as receptors, transporters, channels, converters, and are 
responsible for key functions such as development, cell-cell interactions, energy 
conversion, nerve transmission, muscle contraction, signaling, and apoptosis.  Mutations 
or changes in membrane proteins cause a vast array of human diseases such as cystic 
fibrosis, diabetes, Alzheimer’s, hypertension, and heart failure. Much signaling occurs 
across the cell membrane via G-protein-coupled receptors (GPCRs). GPCRs are the 
largest group of membrane receptors on a cell surface and play important roles in many 
signal transduction pathways, such as those found in the photoreceptors that trigger the 
visual pathway.13 GPCRs account for about 3-4% of the human genome.13,14 They 
possess a common structural motif of seven α-helical membrane-spanning domains.15 
Mutations in these protein receptors are implicated in a wide range of human diseases 
such as cancer, neurological, cardiovascular, degenerative, metabolic, and inflammatory 
diseases.16 Despite the fact that this group of proteins accounts for over 50% of current 
drug targets there is only very little structural information on GPCRs.17,18 In 2000, the 
first 3D structure for a single GPCR was published.14 
 Ion and water channels embody another group of significant membrane 
proteins.19 Potassium channels represent the largest and most diverse group of ion 
channels and are involved in a multitude of physiological functions. In 1998, 
MacKinnon and coworkers published the first potassium channel structure.20 These 
tetrameric integral membrane proteins are involved in numerous fundamental biological 
processes, including signal transduction, maintenance of cellular osmotic balance, and 
 10
electrical signaling in the nervous system. Mutations in ion channels are associated with 
diverse human disorders. Aquaporins are membrane water channels that play critical 
roles in controlling the water content of cells.21 Movement of water across the cell 
membrane needs to be regulated in order to maintain the internal pressure of the cell. 
This group of proteins, discovered by Peter Agre in the early nineties,21 facilitates the 
movement of water molecules into and out of cells across cell membranes, preventing 
the cell from swelling or shrinking. Aquaporins are involved in numerous human 
disorders such as abnormalities of kidney function and loss of vision.22  
Although membrane proteins represent the most important drug targets,23 very 
limited structural information is currently available on membrane proteins, their 
mechanisms of action, and the roles they play in disease. Only a small percent of the 
structures of proteins available belong to the group of membrane proteins.24 The 3D-
structures of the proteins are essential for understanding their biological functions and 
for the development of new drugs. The low success in the crystallization of membrane 
proteins can be accredited to the following problems;2,18 (1) it is hard to purify 
membrane proteins in sufficient amounts; (2) it is difficult to find an effective 
overexpression system; and (3) membrane proteins tend to denature during the 
purification procedures.  
  Current methods to purify proteins require expression of the protein of interest 
within a bacterial or mammalian host cell. The first step of a purification process 
involves lysis of the cell, which can be done using chemicals and enzymes, sonication or 
a French Press. Centrifugation is used to separate soluble proteins from cell membranes 
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and other cellular components. The membrane proteins can be released from the 
membrane by disruption of the cell membranes with ionic or non-ionic detergents. Non-
ionic detergents, such as Triton-X-100 and dodecyl-β-D-maltoside, are used most 
commonly for extraction and purification of membrane proteins. After solubilization, the 
proteins are commonly purified by different chromatographic techniques. These 
techniques separate mixtures of proteins on the basis of their charge, their degree of 
hydrophobicity, their binding affinity for certain molecules, or their size. Typically, 
affinity chromatography is employed for the purification of proteins. In this 
chromatographic technique, proteins are separated according to their ability to bind to a 
specific ligand that is connected to a solid phase.10 Proteins that do not bind the ligand 
are washed through the column; then the protein of interest is eluted from the column.  
Other purification techniques such as ion exchange chromatography, gel filtration 
chromatography, and size exclusion chromatography can also be employed for the 
purification of proteins.10 Finally, the purity of the protein of interest is judged by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). In SDS-PAGE, 
proteins are separated based on their size.10 Another way to separate a mixture of 
proteins is by using two-dimensional gel electrophoresis.25 In 2-D electrophoresis 
proteins are separated not only by their size but also by their charge. Figure 1.3 shows a 
typical purification procedure used to purify membrane proteins. 
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Figure 1.3 Cartoon representation of a typical procedure for the purification of 
membrane proteins.  
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1.3 Solid Supported Phospholipid Bilayers 
Supported lipid bilayers (SLBs) have been widely employed as model systems 
for mimicking native cellular structures. Pioneered by McConnell and coworkers, 26-28 
this system has been used in fundamental and applied studies of lipid assembly,29,30 
membrane structure,31,32 dynamics,33 multivalent ligand-receptor interactions,34,35 
electrochemical properties of membranes,36 development of membrane-based 
biosensors,37 and microscopic separation devices.38 Supported bilayers consist of a 
continuous fluid membrane of lipids that is held near a surface, typically glass or SiO2, 
as shown in Figure 1.4. The membrane is maintained by a balance of van der Waals, 
electrostatic, hydrophobic, and steric interactions.39-41 A thin layer of water (Figure 1.4) 
is trapped between the bilayer and the underlying solid support.42-45 This water layer 
helps to maintain the lateral mobility of lipids in both leaflets of the bilayer, preserving 
an important physical property of native biological membranes. This lateral fluidity 
makes these platforms ideal for developing biosensors, because they can readily mimic 
the same two-dimensional rearrangements that take place on cell surfaces during ligand-
receptor recognition events.41,46-48 
Various methodologies can be employed to form solid supported lipid 
bilayers.41,49-52 They may be readily formed by either Langmuir-Shafer methods53 or 
through the fusion of small unilamellar vesicles (SUVs) to a planar solid substrate.26,28,29 
The Langmuir-Shafer method has been used for the formation of hybrid-lipid bilayers,53 
cushioned membranes,54,55 and for the incorporation of membrane species within the 
solid-supported phospholipid membrane.27,54 This methodology involves the transfer of a  
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Figure 1.4 Schematic diagram of a supported lipid bilayer on a planar borosilicate glass 
substrate. The membrane is separated from the underlying inorganic support by ~ 1 nm 
thick layer of water. This water layer acts as a lubricant to maintain the fluidity of the 
lipids in the bilayer.  
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Figure 1.5 The assembly of a solid supported lipid bilayer by Langmuir-Blodget (A) 
followed by the Schaffer technique (B). 
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lower leaflet of lipids from the air-water interface by pulling a hydrophilic substrate 
through a lipid monolayer, as shown in Figure 1.5.27,56 The hydrophobic tails of the 
lipids will orient themselves toward the air, while the polar head groups orient towards 
the hydrophilic substrate. The upper leaflet of the bilayer can be formed by horizontally 
dipping the substrate through another lipid monolayer by a Shaefer technique or via the 
fusion of vesicle.  
The vesicle fusion method involves the spontaneous adsorption and fusion of 
small unilamellar vesicles from an aqueous suspension with an appropriate substrate. 
The process of vesicle fusion has been used to form supported bilayers on substrates, 
such as borosilicate glass,27,41 oxidized silicon,27 titanium dioxide,57 mica,58-60 self-
assembled monolayers, oxide PDMS, polymers, and quartz. Figure 1.6 depicts a model 
for the steps involved in the process of bilayer formation. In this model, small 
unilamellar vesicles, having a diameter of 50 – 100 nm, will absorb, rupture, and 
ultimately fuse together to form a continuous phospholipid bilayer on a solid substrate.  
The process of vesicle fusion depends on a series of key parameters. The size of the 
vesicles, concentration and charge will affect the vesicle curvature and their interaction 
with the substrate. Surface charge, roughness and hydrophilicity also play important role 
in the assembly of solid supported lipid membranes. 
Supported lipid bilayers offer distinct advantages over other systems, such as 
freestanding black lipid membranes and spherical lipid vesicles. Their planar geometry 
stabilized the film’s. Also, they are easy to incorporate into microfluidics devices and 
simple to analyze by many surface specific techniques, such as atomic force microscopy 
 17
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6 Spontaneous formation of a solid-supported lipid bilayer via vesicle fusion to 
a planar borosilicate substrate.  
  
 
 
 
 18
(AFM),61-65 total internal reflection fluorescence (TIRFM),66,67 vibrational sum 
frequency spectroscopy (SFG),40 and surface plasmon resonance (SPR)68,69 can be 
employed to monitor these solid -supported lipid bilayers. 
While this system offers greater stability and robustness, the major disadvantage 
is the successful incorporation of mobile transmembrane proteins within the solid 
supported lipid bilayer.26,70 Many interfacial biochemical reactions on cell membranes 
depend on the lateral mobility or fluidity of the membrane and its constituents. To 
maintain these properties, the interaction between the membrane and the bare solid 
surface should be minimal. However, the lipid membranes that are directly supported on 
a substrate such as borosilicate, are only separated from the substrate by a thin (~ 1 nm) 
layer of water. This water layer does not provide sufficient spacing between the 
membrane and the substrate. (Figure 1.5). Thus, exposed functional extracellular 
domains of an integral membrane protein can interact directly with the underlying 
inorganic substrate (Figure 1.7), causing denaturation, loss of function, and inhibition of 
lateral mobility. Due to this, such systems cannot be used to develop biological sensors 
that can monitor change in protein interactions in response to extracellular stimulus. 
 
1.4. Polymer Cushioned Phospholipid Bilayers 
 
Although solid supported phosphoslipid membranes are excellent biological 
platforms for the investigation of many cellular processes, such as multivalent ligand-
receptor binding, lipid micro-domain formation, membrane fusion, and pathogen attack, 
they have difficulty mimicking an appropriate environment for transmembrane proteins.  
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Figure 1.7 Exposed domains of transmembrane proteins can become immobilized and 
denatured on the underlying inorganic solid support.  
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Phospholipid membranes that are directly supported on a substrate, such as glass, are 
only separated from the substrate by a thin (~ 1 nm) layer of water.27,43 This membrane-
substrate distance is usually not sufficient to avoid direct contact between 
transmembrane proteins incorporated in the membrane and the underlying solid surface. 
This problem is significant because transmembrane proteins can interact strongly with 
the underlying substrate and can even become immobilized.    
Efforts to overcome this problem have involved the use of soft polymeric 
materials of typically less than 100 nm in thickness to separate the phospholipid 
membrane from the bare substrate.55,70-72 The polymer film acts as a support, similar to 
the cytoskeleton found in actual mammalian cell membranes. The addition of a polymer 
cushion should significantly reduce the frictional coupling between the membrane 
incorporated proteins and the solid support, avoiding the risk of protein denaturation. 
The presence of the polymer cushion still allows for investigation by an array of surface 
science techniques.  Another potential advantage of polymeric platforms is the ability to 
avoid nonspecific adsorption of aqueous proteins from solution. This kind of nonspecific 
adsorption typically occurs at defect sites in a solid supported membrane lacking 
polymer layers.   
An important condition when choosing a successful polymer cushion is that the 
supported lipid membrane must be thermodynamically and mechanically stable. Also, 
the selected polymer should be very hydrophilic and should not engage in extensive 
physical interactions with the membrane and the underlying solid support. Different 
types of polymer cushions have been explored for supporting phospholipid bilayers.  
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These included chitosan, polyelectrolytes,73-76 cellulose,77 dextran,78 and lipopolymers 
tethers.54,60,79-83 Also, some research groups have employed nanoporous materials84,85 as 
a support for the lipid membrane. 
One approach to separate the lipid membranes from the solid substrate is to use 
hydrated polymers as cushions (Figure 1.8B). In 2003, Sackmann, Tanaka, and 
coworkers used ultrathin layers of cellulose as a cushion for membranes with 
incorporated, large transmembrane proteins, such as integrin receptors. Around 25 % of 
the integrin receptors on the cellulose cushion retained their lateral mobility and 
functionality. Integrins receptors incorporated in membranes, supported on bare glass 
substrates were essentially immobilized. Another strategy used to overcome this problem 
is to incorporate lipopolymers within the lipid bilayer (Figure 1.8C). Lipopolymers 
consist of a soft hydrophilic polymer layer, presenting lipid like molecules at their 
surface which insert into a phospholipid membrane and tether it to the polymer spacer. 
Typically, the lipopolymer is chemically grafted to the underlying substrate via 
photoreactive coupling, epoxy group linkage, silane bonding, or sulfur-metal bond 
formation. Tamm and coworkers designed a tethered polymer-supported lipid bilayer, in 
which PEG-conjugated phospholipids were covalently bonded to the silicate substrates.54 
These lipopolymers cushions support lateral mobility of two membrane’s proteins, 
cytochrome b5 and annexin V, that are not free to move on a membrane supported on a 
bare glass substrate. Once again, only a small percent of the proteins (~20%) retain their 
lateral mobility.   
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Figure 1.8 Methods for preparing supported lipid membrane. a) membrane supported on 
solid substrate; b) membranes that are supported using a polymer cushion; c) membranes 
that are supported using lipopolymer tethers. 
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1.5 Summary 
 
 Membrane proteins are the targets of a large number of today’s pharmacological 
and toxicological drugs and are responsible, in part, for their uptake, metabolism, and 
clearance. Despite of their importance, the structure and function of membrane proteins 
are not well understood, and only a small number of membrane proteins have been 
studied in detail. Current methods employed for the purification of membrane proteins 
are often laborious, and a high amount of functional protein is not easy to obtain. Due to 
the transmembrane protein topology, detergents are required during the purification 
procedures in order to maintain the correct folding of the protein. Detergents have a 
negative impact on the yields and stability of the proteins and often interfere with the 
crystallization process. 
 The main goal of the study reported herein is to develop novel biological 
platforms that can be used in performing biophysical studies of transmembrane proteins 
and in the purification of membrane species. This will open the door towards the study 
of transmembrane proteins, the separation and “on-chip” purification for subsequence 
proteomic analysis by, for example, mass spectrometry.  
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CHAPTER II 
EXPERIMENTAL 
 
2.1 Synopsis  
 
This chapter provides a general overview of the main analytical and surface 
analysis techniques used in this research project. The techniques presented here were 
used to obtain physical, chemical and morphological data needed to obtain a better 
understating of our model system.  
 Fluorescence recovery after photobleaching (FRAP)86 has been employed to 
measure the two-dimensional lateral fluidity of different membrane components, such as 
fluorescently labeled lipids and proteins. Supported lipid bilayer electrophoresis,87 a new 
method for the purification and characterization of membrane species, will be introduced.  
Methods to dry the supported bilayer and techniques, such as site specific 
labeling of proteins, soft lithography for the preparation of microfluidic devices and thin 
layer chromatography, will be explained.   
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2.2 Conjugation of Fluorescently Labeled Proteins 
 
Specific dye labeling of proteins, such as streptavidin and IgG, was accomplished 
by incubating the proteins with an amine reactive dye, such as Alexa Fluor-594. Alexa 
Fluor dyes are generally brighter and less pH-sensitive than common dyes (e.g. 
fluorescein, rhodamine) of equivalent excitation and emission. Also, the Alexa dyes 
have high quantum efficiency, chemical and thermal stability, and high solubility in 
aqueous solutions.  
Figure 2.1 shows the chemical structure of Alexa Fluor 594. The Alexa Fluor 594 
reactive dye has a succinimidyl ester moiety that reacts efficiently with primary amines 
of proteins to form stable dye–protein conjugates. Succinimidyl esters react efficiently at 
the pH 7.5–8.5. The labeling of proteins such as streptavidin and IgG has been 
performed according to established procedures. Size exclusion chromatography (SEC) 
was used to separate the labeled species from any unreacted dye present. Measurements 
in a UV-absorption were done to calculate the concentration of the protein and the 
degree of labeling. Alexa Fluor 594 dye–labeled proteins have an absorption and 
fluorescence emission maximum of approximately 590 nm and 617 nm, respectively.  
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Figure 2.1 (Top) Chemical structure of Alexa Fluor 594 carboxylic acid, succinimidyl 
ester (MW ~820).88 (Bottom) The Alexa Fluor 594 reactive dye has a succinimidyl ester 
moiety that reacts efficiently with the primary amines of the proteins and thus allows for 
the labeling of biomolecules.  
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2.3 Preparation of Microfluidic Devices by Soft Lithography  
 
 Soft lithopgraphy, a microfabrication process developed by George Whitesides 
and coworkers,89-91 refers to a set of methods for fabricating or replicating structures 
using elastomeric stamps, molds, and conformable photomasks. This methodology has 
some advantages over other forms of lithography, such as photolithography and electron 
beam lithography. It is a convenient, effiencient, and low-cost method  for carrying out 
micro- and nanofabrication.92 This technique has been widely applied in the areas of 
biotechnology and plastic electronics. 
Figure 2.2 shows a schematic representation of the general procedure of the soft 
lithography procedure used to prepare microfluidic devices.93,94 In the first step a desired 
structure or pattern is transferred from a photomask to a photoresist polymer coated glass 
slide by exposing the photoresist coated glass to UV radiation. S-1813, a low viscosity 
positive photoresist is used to coat the microscope glass slides. Next, the exposed slides 
are developed by chemical etching according to established procedures.90 Remaining 
areas of undesired photoresist are removed with acetone. At this step, a profilometer is 
used to characterize the quality of the product.  In the last step, the device is created by 
pouring a degassed resin, such as poly(dimethylsiloxane) PDMS, on  the top of the 
etched surface. After the curing process is done, a negative image of the photomaster is 
transferred to the PDMS stamp. Figure 2.3 shows a picture of a 7-channel PDMS 
microfludic device.  
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Figure 2.2 Schematic representation of the soft lithography procedure used to prepare 
microfluidic devices.95 
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Figure 2.3 Photograph of a 7-channel microfluidic device. A red dye was used for 
visualization purposes.  
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2.4 Fluorescence Recovery after Photobleaching (FRAP) 
 
The technique of fluorescence recovery after photobleaching (FRAP) has long 
been recognized as a powerful tool for investigating the two-dimensional lateral mobility 
of fluorescent particles, for example, the motion of fluorescently labeled lipids and 
proteins within membranes.86,96 Information obtained from FRAP experiments includes: 
1) identification of transport process type; 2) determination of the diffusion constant; and 
3) the fraction of total fluorophores, which is mobile.  
A schematic representation of the technique is shown in Figure 2.4.  First, a 
specific region of the sample containing mobile fluorescent molecules is photobleached 
by a high-intensity focused laser beam. This causes irreversible photochemical bleaching 
of the fluorophores in that region. The exchange of bleached with unbleached molecules 
leads to a recovery of the initial fluorescent intensity. The measured data from a FRAP 
experiment is the time-dependent recovery of the fluorescence intensity inside the bleach 
spot. Figure 2.5 shows a graphical representation of this phenomenon.  
The fluorescence intensity before and throughout the experiment are normalized 
using the following equation: 
0FF
FF
y
i
to
−
−=                                                       (2.1) 
where y is the normalized fluorescence intensity, Fi is the fluorescence intensity before 
bleaching, Fo is the intensity of the photobleached region at times equal to 0, and Ft is 
the intensity of the bleached region as a function of time. An assumption in our FRAP 
experiments is that the fluorescently labeled species is uniformly distributed within an  
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Figure 2.4 Physical processes involved in a fluorescence recovery after photobleaching 
experiment.  
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Figure 2.5 A FRAP curve showing the physical processes involved in a fluorescence 
recovery after photobleaching experiment.  
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infinite two-dimensional plane and that we are only measuring the two-dimensional 
diffusion of that species.86 Applying first order kinetics allows us to fit the FRAP curve 
to a single exponential rise to maximum equation as follows: 
 )ktea(y −−= 1                                            (2.2) 
 where a is the mobile fraction of the species and k is a constant. The time at half 
recovery, denoted as t1/2 may be calculated by t1/2 = ln(2/k) since the process follows first 
order kinetics. 
To calculate the lateral diffusion we will employ the following equation86:  
D
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where w is the full width at half-maximum of the Gaussian profile of the focused beam, 
t1/2 is the half time of fluorescence recovery, and γD is a correction factor that  depends 
on the bleach time and the geometry of the laser beam and varies from 1.1 to 1.45.  
It should be noted that the FRAP experiment depends on the control of various 
parameters. The laser beam is typically Gaussian and circular;  however, variants of this 
technique may employ an elliptical beam.97 The laser power and bleach time must 
remain constant in order to insure consistent results. For rapidly-diffusing molecules the 
bleach time must be short and post-bleach images recorded rapidly. Other factors that 
affect the diffusion measurements by FRAP include temperature and photobleaching of 
the sample during data acquisition. This may be controlled by adjusting the image 
acquisition time intervals during the time-laps imaging. The fluorophores that are used 
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as fluorescent markers should be bright and stable under low intensity illumination. This 
is important during image acquisition in the pre- and postbleach phase. Also, the 
fluorophores should bleach quickly and irreversibly under high intensity illumination 
during the bleach phase. 
 The fluorescence recovery after photobleaching (FRAP) curves used for this 
study were obtained by irradiating our samples with a 2.5 W mixed gas Ar+/Kr+ laser 
beam (Stabilite 2018, Spectra Physics). 100 mW of power was directed onto the sample 
for a time period of approximately one second. The beam, which was sent through a 10X 
objective, had a full width of ~ 13 μm at the sample plane. The recovery of the 
photobleached spot was followed as a function of time using time-lapse imaging under a 
fluorescence microscope (Nikon Eclipse TE2000U) equipped with a Sensys CCD 
camera (Photomatrics, Roper Scientific) and employing MetaMorph software (Universal 
Imaging). The fluorescence inverted microscopy system used for making FRAP 
measurements is shown in Figure 2.6. 
Figure 2.7 shows a typical FRAP curve for a phospholipid bilayer supported on a 
hydrophilic glass substrate. The bilayer is composed of 99.9 mol %      
phosphatidylcholine lipids and 0.1 mol % Texas Red DHPE as fluorescent probe. A 
diffusion constant of 4.3 (±0.2) x 10-8 cm2/s with 97% recovery was obtained for labeled 
phospholipids within the bilayer.  
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Figure 2.6 Inverted fluorescence microscope system used to obtain fluorescence 
recovery after photobleaching data.  
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Figure 2.7 (Top) Fluorescence recovery after photobleaching for a membrane containing 
99.9 mol % POPC bilayer with 0.1 mol% Texas Red DHPE as a fluorescent probe. The 
mobile fraction of the dye moiety in the bilayers is 0.97. (Bottom) Fluorescence 
micrographs of the same membrane showing the laser bleach spot both before and after 
recovery. The black lines in the images are scratches that were intentionally made with 
metal tweezers for estimation of the background contribution to the measured 
fluorescence intensity.  
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2.5 Supported Lipid Bilayer Electrophoresis  
 
Charged species within a supported phospholipid membrane have been manipulated 
or separated by applying electric fields. Boxer and coworkers explored the use of electric 
fields to induce the motion of glycan-phosphatidyl inositol (GPI) tethered proteins in 
supported bilayers. Others charged species, such as lipids and adsorbed DNA molecules, 
have been manipulated in this manner.  
Recently, we have developed a method that can be used to separate charged species 
using electrophoresis in a solid supported phospholipid bilayer. Figure 2.8 shows a 
schematic representation of the electrophoresis device. The device consists of a planar 
phospholipid bilayer supported on a hydrophilic substrate, such as glass (Fig. 2.9). On 
one side of the bilayer, liposomes containing fluorescently-conjugated 
phosphatidylethanolamine lipids (two isomers of Texas Red dye and a green dye, 
BODIPY) were spliced. Then an electric field was applied across the supported 
membrane laterally. The electric field induced an electrophoretic movement of the 
charged species within the supported membrane. Species separated based on their charge, 
size, and interaction with the surrounding bilayer medium. The device functions much 
like a chromatographic separation, except here our separation medium is the bilayer 
itself, which preserves the native environment of the species within it, avoiding 
denaturation due to exposure of the species to external factors. This is an advantage over 
conventional membrane protein purification techniques, such as gel electrophoresis.  
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Figure 2.8 Three-dimensional schematic representation of solid-supported bilayer 
electrophoresis for the purification of membrane species. The top panel shows the solid-
supported bilayer with the left most side containing a mixture of species to be separated. 
Two platinum electrodes are placed along the edge of the bilayer and a potential applied 
across them. After a certain amount of time, the species separate into well-defined bands, 
as shown in the lower panel.  
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Figure 2.9 Procedure to form bilayer and separate a mixture of dye labeled lipids by 
electrophoresis. (1) First form a bilayer containing 25 mol% cholesterol (yellow) in 
POPC lipids (gray) via vesicle fusion. (2) Gently press the edge of a glass coverslip slide 
coated with Teflon tape into the bilayer and plow out a thin line of the bilayer. The 
resulting region will be devoid of any bilayer. (3) Add vesicles containing the mixture of 
fluorophores to be separated to the bulk aqueous phase above the supported bilayer. 
These vesicles will fuse in the bare region. (4) Apply a potential laterally across the 
bilayer and observe the resulting separation of fluorescent lipids, as indicated by the 
colored arrows corresponding to each type of lipid. 
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2.6 Thin Layer Chromatography (TLC)   
Thin Layer Chromatography, introduced in 1938 by Izmailov and Shraiber, is a 
chromatographic technique commonly used to separate mixtures of substances into their 
components. This chromatography technique consists of a stationary phase and a mobile 
phase. The stationary phase is made of a thin layer of absorbent material, usually silica 
gel, aluminum oxide, or cellulose coated onto a piece of glass, metal, or rigid plastic. 
The mobile phase is an organic solvent or mixture of organic solvents. The mobile phase 
moves up through the stationary phase via capillary action. As the mobile phase travels 
up the plate, the different components of the mixtures travel at different rates and the 
mixture is separated into the different components. TLC takes advantage of the different 
affinity of the analyte with the mobile and the stationary phases to achieve separation of 
the mixture.  
Herein, TLC was used to determine and purify the different isomers of Texas 
Red-DHPE. Several small spots of Texas Red DHPE in chloroform were spotted on a 
TLC plate and eluted with 100% ethanol (Figure 2.10). Texas Red labeled phospholipids 
were recovered from the TLC plate by carefully scraping the separated bands with a 
razor blade and resuspending in ethanol to extract the lipids from the silica beads. The 
mixture was centrifuged at 13,500 RPM (5415, Eppendorf) for 5 minutes and the 
supernatant was collected. This procedure was repeated until no Texas Red 
phospholipids were detected in the pellet.  In order to remove the ethanol, the samples 
were dried with nitrogen, followed by desiccation under vacuum for 1 hour. 
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Figure 2.10 (Right) Schematic representation of a TLC experiment. (Left) Image of a 
TLC plate after Texas Red DHPE separation. Six individual spots of Texas Red DHPE 
were placed at the bottom of the plate (horizontal loading line) and eluted with ethanol 
for approximately 20 minutes. 
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CHAPTER III 
DOUBLE CUSHIONS ENABLE THE FORMATION OF FLUID 
TRANSMEMBRANE PROTEINS IN SUPPORTED LIPID MEMBRANES 
 
3.1 Synopsis 
Supported lipid bilayers (SLBs) have been widely used as model systems to 
study cell membrane processes because they preserve the same two-dimensional 
membrane fluidity found in living cells.  One of the most significant limitations of this 
platform, however, is its inability to incorporate mobile transmembrane species.  It is 
often postulated that transmembrane proteins reconstituted in SLBs lose their mobility 
because of direct interactions between the protein and the underlying substrate.  Herein, 
we demonstrate a high mobile fraction for a transmembrane protein, annexin V.  Our 
strategy involves supporting the lipid bilayer on a double cushion, where we not only 
create a large space to accommodate the transmembrane portion of the macromolecule, 
but also passivate the underlying substrate to reduce non-specific protein-substrate 
interactions.  The thickness of the confined water layer can be tuned by fusing vesicles 
containing polyethyleneglycol (PEG)-conjugated lipids of various molecular weights to 
a glass substrate that has first been passivated with a sacrificial layer of bovine serum 
albumin (BSA).  The two-dimensional fluidity of these systems was characterized by 
fluorescence recovery after photobleaching (FRAP) measurements.  Uniform and mobile 
phospholipid bilayers with lipid diffusion coefficients around 3 × 10-8 cm2/sec and 
percent mobile fractions over 95 % were obtained.  Moreover, we obtained annexin V 
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diffusion constants around 3 x 10-8 cm2/sec with mobile fractions up to 75%.  This 
represents a significant improvement over bilayer platforms fabricated directly on glass 
or using single cushion strategies. 
 
3.2 Introduction 
Supported lipid bilayers (SLBs), pioneered by McConnell et al.,26-28 have 
successfully reproduced many aspects of cell membrane behavior.  They possess the 
same two-dimensional fluidity and have been employed to investigate lipid assembly, 
29,30 membrane structure,31,32 dynamics,33 and multivalent ligand-receptor binding.34,35  
They have even been used in the development of biosensors platforms37 and separation 
devices.98  Despite this, the incorporation of transmembrane proteins into SLBs has not 
yet been satisfactorily achieved.  The problem lies in the limited space between the 
bottom leaflet of the bilayer and the underlying solid support.  This distance, which is 
typically only on the order of one nanometer, is not usually sufficient to accommodate 
species that protrude extensively beyond the lower leaflet of the bilayer.  Several 
research groups have explored methods to increase this spacing.  Most strategies involve 
the placement of a polymer cushion between the membrane and support.54,60,71,73-83,99-103  
To date, however, these experiments generally report that proteins which protrude 
extensively beyond the lower leaflet have a 25% mobile fraction or less.  In other words, 
more than three quarters of the protein molecules are immobilized by the underlying 
support and perhaps partially denatured. 
SLBs have a complex series of interactions with underlying planar glass 
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supports.  These include van der Waals, electrostatic, hydrophobic, and steric 
interactions.39-41  Such forces act together to leave a thin layer of hydration water trapped 
between the bilayer and the substrate.42-45  This water layer helps to maintain the lateral 
mobility of lipids in both leaflets of the bilayer.  It would be important to extend this 
same principle to membrane proteins.  To this end, soft, hydrophilic polymeric materials 
have been a popular choice for cushion materials because they readily imbibe large 
amounts of water.55,70,71,104  Ideally, the polymer film should act like the cytoskeleton 
found in mammalian cell membranes.  Such an approach, in principle, should 
significantly reduce frictional coupling and avoid protein denaturation.  Methods for the 
preparation of polymer supports include the chemical grafting of polymers, such as 
cellulose or dextran directly onto the solid surface followed by the subsequent deposition 
of lipid bilayers.77,78  A slightly different approach involves the reconstitution of 
lipopolymers that also provide a spacer between the underlying substrate and the 
phospholipid bilayer.54,60,71,79-83,101-103,105  The difference in this case is that alkyl side 
chains emanating from the lipopolymer directly intercalate into a nascently transferred 
lipid film. 
Despite extensive work on cushion designs, only a few studies describe the use 
of these systems to study the lateral mobility of transmembrane proteins.54,99,106,107 
Tamm and coworkers54 designed a PEG-conjugated phospholipid membrane that could 
be covalently bonded to silicate substrates.  Lateral diffusion of cytochrome b5 and 
annexin V were measured by FRAP in this system.  Although lateral diffusion 
coefficients were obtained, only 25% of the cytochrome b5 displayed a diffusion 
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constant value that was on the same order of magnitude as the lipids.  The rest of the 
cytochrome b5 molecules diffused several orders of magnitude more slowly or not at all, 
due presumably to interactions between the proteins and the underlying polymer network. 
Similar results were obtained for annexin V.  Another protein mobility study was 
performed by Tanaka, Sackmann, and coworkers.99  In this case human, platelet integrin 
αIIbβ3 was investigated in a supported bilayer system that rested on a cellulose cushion. 
Again, only about one quarter of the proteins were mobile in the presence of the cushion 
and none were mobile without it.  In a third example, Smith, Wirth, and coworkers107 
studied the mobility of the human delta-opioid receptor on acrylamide cushions of 
various thicknesses.  In this case, however, only data for an individually mobile protein 
molecule were reported rather than the mobile fraction for a population of membrane 
embedded proteins.  Finally, Brozik and coworkers used nanoporous microbeads rather 
than a polymer cushion strategy to support lipid membranes with bacteriorhodopsin.85 
High protein mobile factions were obtained (~78%) with D = 3.8 x 10-10 cm2/sec for 
proteins in the pores of the bead.  It would be important, if the same type of mobility can 
be extended to systems with planar geometry. 
In the work described herein, we investigate the two-dimensional fluidity of a 
transmembrane protein, annexin V, reconstituted into a double cushion planar supported  
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membrane system.  Annexin V is a multi-helical intracellular protein that binds to 
negatively charged phospholipids in a Ca2+-dependent manner.108  The function of this 
protein has been ascribed to different membrane-associated events including vesicular 
trafficking, membrane fusion, and ion channel formation.109  It has been reported that 
annexin V forms ion channels in phospholipid bilayers at mildly acidic pH values.110-112   
Figure 3.1 illustrates our strategy for achieving high mobile fractions of annexin 
V.  A first cushion layer is formed by uniformly adsorbing BSA onto a planar glass 
support.  This protein monolayer passivates the substrate and thereby helps prevent 
strong interactions with the underlying oxide surface.  The second layer of the cushion is 
formed when lipid vesicles containing (poly)ethyleneglycol-conjugated lipids are fused 
on top of the first layer.  The spacing between the BSA film and the lower leaflet of the 
bilayer can be modulated by changing the number density and molecular weight of the 
PEG lipopolymer incorporated into the lipid bilayer.  The best results were achieved 
when a 0.1 mg/ml BSA solution was incubated over the surface for 20 minutes and the 
lipid bilayer consisted of 0.5 mol% PEG5000.  In that case, the mobile fraction of annexin 
V was ~ 75% with a diffusion constant of 3 x 10-8 cm2/sec.  
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Figure 3.1 Schematic diagram of the supported bilayer systems used in this work.  (A) A 
bilayer supported directly on a bare glass substrate.  Membrane proteins, which protrude 
beyond the lower leaflet of the bilayer, become immobilized by direct interactions with 
the underlying glass surface.  (B)  The double cushion system creates more space 
between the bilayer and support and also mitigates interaction with the substrate. 
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3.3 Experimental 
Materials  
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), bovine brain L-α-
phosphatidylserine (brain-PS), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(poly(ethylene glycol))] (PEG-PE) were purchased from Avanti Polar Lipids 
(Alabaster, AL) with PEG molecular weights of 550, 2000 and 5000. N-(Texas Red 
sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Texas Red DHPE) 
was obtained from Molecular Probes (Eugene, OR).  Bovine serum albumin (BSA) was 
purchased from Sigma Aldrich (St. Louis, MO). Phycoerythrin-labeled recombinant 
human annexin V with a molecular weight of 35,800 Da, was obtained from Alexis 
Biochemicals (San Diego, CA).  
Purified water from a NANOpure Ultrapure Water System (Barnstead, Dubuque, 
IA) was used to prepare all buffer solutions. The water had a minimum resistivity of 18 
MΩ⋅cm. Phosphate-buffered saline (PBS) was prepared using 10 mM sodium phosphate 
with the addition of 150 mM NaCl (Sigma-Aldrich). The pH was adjusted to 7.4 by the 
dropwise addition of NaOH (EMD, Germany). Tris(hydroxymethyl)aminomethane was 
used to prepare 10 mM Tris (Fluka-BioChemika) buffer with 8 mM CaCl2 (Acros 
Organic), and 100 mM sodium chloride (Sigma-Aldrich). Polydimethylsiloxane (PDMS) 
was used to fabricate well structures. The polymer and cross-linker were purchased from 
Dow Corning (Sylgard Silicone Elastomer-184, Krayden Inc.).  
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Small Unilamellar Vesicles 
Small unilamellar vesicles (SUVs) were prepared as previously reported.29,113,114 
Briefly, the desired amount of POPC, PEG-PE lipopolymer, and PS were mixed in 
appropriate proportions from stock solutions in chloroform and allowed to dry under a 
stream of nitrogen followed by desiccation under vacuum for 4 hours. In some cases 0.1 
mol% Texas Red DHPE was used as a fluorescent probe. After evaporation of the 
solvent, the lipids were reconstituted in Tris buffer and subjected to ten freeze-thaw 
cycles by alternating between immersion in liquid nitrogen and a 30 ºC water bath. The 
solution was then extruded five times through a polycarbonate filter (50 nm pore size) to 
produce vesicles of uniform size. Small unilamellar vesicles prepared by this method 
were 80 ± 10 nm in diameter as determined by dynamic light scattering using a 90Plus 
Particle Size Analyzer from Brookhaven Instrument Corp. 
 
Supported Lipid Membranes 
Supported lipid bilayers were prepared by the adsorption and fusion of SUVs 
onto clean planar borosilicate coverslips (VWR International).26,46,115,116 Polymer-
conjugated bilayers were prepared by the same vesicle fusion method, but using the 
desired amount of PEG-PE as previously reported.113,117 Coverslips were cleaned with 
7X detergent solution (MP Biomedicals, Solon, OH)66 and annealed in a kiln at 550 °C 
for five hours to yield flat surfaces with room mean square roughness (RMS) values on 
the order of ~0.13 nm over a 1 μm2 area as determined by atomic force microscopy. 
Vesicle fusion was performed via the introduction of a 100 μL SUV solution onto the 
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clean glass. The solution was confined to a circular area (~8 mm in diameter) in the 
center of the surface by a thin hydrophobic PDMS microwell.113 After a 10 min 
incubation period, the bilayer was extensively rinsed with buffer to remove excess 
vesicles.   
Lipid bilayers supported on a protein film were prepared by fusing vesicles in a 
manner similar to the one described above. In this case, however, a 100 μL BSA solution 
in Tris was introduced to the microwell first, incubated for a period of 20 minutes, 
followed by thorough rinsing with buffer. Solutions of BSA were prepared at 
concentrations ranging from 0.001 mg/ml to 0.5 mg/ml. Prior to use, the protein 
solutions were centrifuged at 13,500 RPM for 20 minutes (5415, Eppendorf) to remove 
any aggregates from the bulk solution. 
 
Reconstitution of Annexin V 
Each supported bilayer was incubated for 20 minutes with Tris buffer containing 
8 mM CaCl2 before the introduction of protein solution. It should be noted that the 
divalent metal ion is required for annexin V incorporation into the membrane.54,108 At 
this point, a solution of phycoerythrin-labeled annexin V (0.1 mg/ml) in Tris buffer was 
introduced into the bulk solution above the surface and incubated for 30 minutes. The 
bilayers were extensively washed with a buffer solution containing EDTA (10 mM Tris, 
pH 6.0, 100 mM NaCl, and 5 mM EDTA) to remove any excess protein bound to the 
upper leaflet. It has been previously shown that annexin V molecules, which are not 
fully inserted into the bilayer, can be easily removed from the interface by exposing the 
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system to 5 mM EDTA.118,119 We, therefore, exposed our system to the same conditions 
to remove all partially bound annexin V molecules from the interface before performing 
FRAP experiments. In a final step, fresh Tris was flowed over the bilayer at pH 6.0 and 
FRAP experiments were performed. Under these conditions, the annexin V should be 
fully inserted into the membrane.110-112 By contrast, working at somewhat higher pH 
does not lead to protein insertion.120  
 
Fluorescence Recovery after Photobleaching 
FRAP86,96 experiments were carried out with a 2.5 W mixed gas argon/krypton 
ion laser (Stabilite 2018, Spectra Physics). Samples were irradiated at 568.2 nm with 100 
mW of power for 1 second. A 13 μm full width at half-maximum bleach spot was made 
by focusing the light onto the bilayer through a 10× objective. The fluorescence recovery 
was measured using MetaMorph Software (Universal Imaging). The fluorescence 
intensity of a bleached spot was determined as a function of time after background 
subtraction and intensity normalization. All fluorescence recovery curves were fit to a 
single exponential equation to obtain the mobile fraction of labeled lipids and proteins 
and the half-time of recovery, t1/2. The equation employed to calculate the lateral 
diffusion constant of dye-labeled lipids and proteins was as follows:86  
                                                       D = (w2/ 4t1/2) γD                                                      (3.1) 
where w is the full width at half-maximum of the Gaussian profile of the focused beam 
and γD is a correction factor that depends on the bleach time and the geometry of the 
laser beam.86 The value of γD was 1.1. 
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3.4 Results  
 
Protein Supported Lipid Membranes 
In a first set of experiments, BSA was coated onto clean glass coverslips from a 
Tris buffer solution at concentration of 0.1 mg/ml. After rinsing, POPC vesicles were 
introduced above the protein film in Tris buffer at a concentration of 1 mg/mL. The 
vesicles contained 0.1 mol% Texas Red DHPE for visualization under an 
epifluorescence microscope. The inset images in Figure 3.2 show fluorescence 
micrographs of this bilayer immediately after photobleaching and again 300 sec later. 
The FRAP curve denotes the fluorescence intensity in the bleached spot as a function of 
time. As can be seen, relatively complete recovery was observed with a diffusion 
constant of 4.0 (±0.3) × 10-8 cm2/sec. Moreover, the sample recovered roughly 97% of 
its initial fluorescence at t = ∞.  
These experiments were repeated at a total of 7 different BSA concentrations 
ranging from 0.01 to 0.5 mg/ml. The diffusion constant values for Texas Red DHPE in 
the POPC membranes are plotted in Figure 3.3. As can be seen, these values remained 
unchanged between 0.01 and 0.1 mg/ml BSA. Recovery was nearly complete in each 
case (0.97 ± 0.01). At 0.2 mg/ml, the diffusion slowed dramatically and the mobile 
fraction of Texas Red DHPE was 0.60. Long-range diffusion was completely arrested 
when the BSA concentration was 0.3 mg/ml or higher. 
Analogous experiments were performed with membranes containing 79.9 mol% 
POPC, 20 mol% brain-PS and 0.1 mol% Texas Red DHPE. In that case, however, the 
results were quite different. Indeed, no fluorescence recovery was observed for these  
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Figure 3.2 FRAP curve from a BSA supported POPC bilayer with 0.1 mol% Texas Red 
DHPE. The BSA was introduced at 0.1 mg/ml. The black lines in the inset fluorescence 
images are scratches that were intentionally made with pair of metal tweezers for 
estimation of the background contribution to the measured fluorescence intensity. The 
dashed red circles highlight the position of the beach spot. The inset images, which are 
230 μm x 230 μm, were captured immediately after photobleaching and again 300 sec 
later. 
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Figure 3.3 Diffusion of Texas Red-labeled lipids in POPC bilayers as a function of the 
BSA incubation concentration.  
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membranes introduced above BSA films formed from 0.1 mg/mL solutions. It has been 
reported in the literature that the addition of Ca2+ into the buffer can sometimes aid 
bilayer formation when PS lipids are present.57 We therefore repeated these experiments 
in the presence of 8 mM Ca2+ under otherwise identical conditions.  Again, the Texas 
Red DHPE probes were found to be completely immobile. A final control was 
performed in the in the presence of PS lipids without the BSA cushion. In this case the 
bilayer was mobile with D = 3.5 (± 0.1) × 10-8 cm2/s and a 0.90 mobile fraction. 
 
Polymer Supported Lipid Membranes without BSA  
Polymer supported lipid bilayers were prepared as previously reported.113 The 
lipopolymer was added to POPC vesicles containing 20 mol% brain-PS and 0.1 mol% 
Texas Red DHPE. PEG-PE lipids with three different molecular weights and 
concentrations were employed: 7 mol% for PEG550-PE, 1.4 mol % for PEG2000-PE, and 
0.5 mol % for PEG5000-PE, respectively. These particular values were chosen to 
correspond to the onset of the mushroom-to-brush transition as calculated by Marsh and 
coworkers.121 All experiments were performed on clean glass coverslips without the 
introduction of BSA. Fluorescence imaging experiments confirmed the supported 
membranes were homogeneous down to the diffraction limit.  FRAP measurements were 
also made and the values for the diffusion constant and mobile fraction are provided in 
Table 3.1. As can been seen, these values were consistent with high quality supported 
bilayers in each case. It should distinguished that the PEG moiety is not chemically 
grafted to the surface and that the lipopolymer remains mobile on the surface under these  
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Table 3.1 Lateral mobility of Texas Red-labeled lipids in glass-supported lipid bilayers 
containing PEG-PE. 
Type of Support Diffusion Coefficient (× 10-8 cm2/s) 
Mobile Fraction 
(%) 
PEG 550 
PEG 2000 
PEG 5000 
3.5 ± 0.1 
3.6 ± 0.2 
3.8 ± 0.4 
95.8 ± 3.6 
93.3 ± 3.4 
93.5 ± 3.1 
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conditions.113  Finally, it should be pointed out that the experiments associated with 
Table 3.1 were performed in the absence of Ca2+. Control experiments were done in the 
presence of 8 mM CaCl2 and these gave identical results to those shown in the table 
within experimental error. 
 
Double Cushion System 
 
Novel double cushion systems were investigated whereby PEGylated membranes 
were fused to substrates coated with BSA. To construct these systems, 0.1 mg/ml BSA 
was introduced above the planar glass substrates and allowed to incubate for 20 min. 
This concentration was chosen because it represents the highest protein concentration at 
which full mobility of the lipids was still observed in Figure 3.3. After extensively 
rinsing, POPC vesicles with 20 mol% brain-PS, 0.1 mol% Texas Red DHPE, and 7 
mol% PEG550-PE were fused to a protein-coated coverslip. The lateral diffusion 
coefficient of Texas Red DHPE was 3.2 ± (0.3) × 10-8 cm2/sec with a mobile fraction of 
94%. This result is quite significant because it indicates the presence of the PEG cushion 
mitigates the interactions between the BSA and the negatively charged brain PS to a 
sufficient extent to allow long range bilayer fluidity. Control experiments revealed that 
the addition of 8 mM CaCl2 to the buffer had not influence on either the diffusion 
constant or the mobile fraction.  
These experiments were repeated with PEG2000 and PEG5000 at their respective 
mushroom-to-brush concentrations and the results are provided in Table 3.2. As can be 
seen, both the diffusion constant and mobile fraction remained quite high for all PEG 
chain lengths employed.   
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Table 3.2 Lateral mobility of Texas Red-labeled lipids supported in the double cushion 
system.  
 
Double Cushion  
System 
Diffusion Coefficient 
(× 10-8 cm2/s) 
Mobile Fraction 
(%) 
PEG 550 – BSA 
PEG 2000 - BSA 
PEG 5000 – BSA 
3.2 ± 0.3 
3.2 ± 0.4 
3.0 ± 0.4 
94.0 ± 4.6 
95.3 ± 3.1 
93.0 ± 1.7 
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Reconstitution and Lateral Diffusion of Annexin V 
In a next set of experiments, the lateral diffusion of annexin V was investigated 
in lipid bilayers containing 20 mol% PS, 79.9 mol% POPC, and 0.1 mol% Texas Red 
DHPE on bare glass substrates.  After a bilayer was formed, 0.1 mg/ml phycoerythrin-
labeled annexin V was introduced above the interface in Tris buffer with 8 mM CaCl2 
and incubated for 30 minutes. Unbound protein molecules were rinsed away with EDTA 
and fresh buffer was added back to the system. Finally, diffusion constant and mobile 
fraction measurements of the biomacromolecules were made by FRAP (Table 3.3). As 
can be seen, three quarters of the protein molecules were immobile and the diffusion 
constant of the protein was significantly slower than that for Texas Red DHPE.  
Identical measurements were repeated in membranes containing PEG2000 
lipopolymer. The effect of polymer density on the lateral diffusion of phycoerythrin-
labeled annexin V was quantified by varying the mol% of PEG2000-PE moieties within 
the membrane. The mole fractions of PEG2000-PE used in these experiments were 0.5%, 
1.4%, and 5%.  At low PEG density (0.5 mol % PEG2000-PE), the PEG moiety exists in a 
mushroom conformation. At higher polymer density (5 mol % PEG2000-PE), the PEG 
moiety should be well into the brush transition. The values for the diffusion constant and 
mobile fraction of annexin V as a function of lipopolymer density are provided in Table 
3.3.  As can be seen, the highest diffusion constant and mobile fraction values were 
found at the onset of the mushroom-to-brush transition. The decrease in mobility above 
and below this value makes sense. Indeed, an isolated mushroom conformation for 
PEG2000 won’t be able to prevent direct indirections between annexin V and the substrate  
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Table 3.3 Effect of PEG2000 mole density on the two-dimensional lateral mobility of 
fluorescently labeled annexin V.  
 
PEG 2000-PE 
Concentration 
Diffusion Coefficient 
(× 10-8 cm2/s) 
Mobile Fraction 
(%) 
0 mol% 
0.5 mol% 
1.4 mol% 
5 mol% 
0.3 ± 0.1 
1.3 ± 0.2 
2.0 ± 0.2 
1.0 ± 0.3 
26.3 ± 3.2 
28.9 ± 4.8 
35.8 ± 3.2 
19.9 ± 2.9 
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at many locations on the surface. On the other hand, concentrations of PEG well into the 
brush transition are known to lead to lipopolymer immobilization,113 which almost 
certainly affects the mobility of the membrane protein. An intermediate lipopolymer 
concentration avoids both of these problems. 
To investigate the influence of the polymer chain length on the lateral diffusion 
of phycoerythrin-labeled annexin V, lipopolymers were incorporated into POPC bilayers 
at different molecular weights (PEG550, PEG2000, and PEG5000) at the onset of the 
mushroom-to-brush transition.  Increasing the length of the polymer chain increases the 
membrane-substrate distance.122 This should decrease the interactions between the 
inserted membrane protein and the underlying substrate.  Indeed, higher diffusion 
coefficients were obtained for annexin V reconstituted into membranes with longer 
polymer chains (Table 3.4). Nevertheless, the majority of the protein molecules were 
immobile in all cases. 
Finally, the two-dimensional fluidity of annexin V was measured in double 
cushioned systems. Figure 3.4 shows fluorescence micrographs and the corresponding 
FRAP recovery curve for phycoerythrin-labeled annexin V reconstituted into the PEG-
PE5000/BSA system. The fluorescence recovery of the photobleached spot was 
remarkably high (~ 74%) and the diffusion coefficient value of the protein, 2.9 ± (0.4) × 
10-8 cm2/sec, was nearly as high as that for the Texas Red-conjugated lipid probes. The 
mobile fraction was strongly dependent on the length of the polymer chain length.  
Moreover, the diffusion constant also decreased with decreasing chain length. Both the  
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Table 3.4 Effect of polymer length (PEG550, PEG2000, PEG5000) on the two-dimensional 
lateral mobility of fluorescently labeled annexin V.  
 
Type of Support Diffusion Coefficient (× 10-8 cm2/s) 
Mobile Fraction 
(%) 
Glass 
7 mol% PEG 550 
1.4 mol% PEG 2000 
0.5 mol% PEG 5000 
0.3 ± 0.1 
0.4 ± 0.1 
2.0 ± 0.2 
3.5 ± 0.4 
26.3 ± 3.2 
27.7 ± 3.4 
35.8 ± 3.2 
24.6 ± 1.7 
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Figure 3.4 Employment of a double-cushion system for maintaining the two-
dimensional lateral mobility of annexin V. Phycoerythrin-labeled annexin V was added 
to the bilayer and incubated for 30 min. Excess protein was rinsed away with EDTA 
before FRAP measurement were made. The black lines in the inset images are scratches 
that were intentionally made with a pair of metal tweezers for estimating the background 
contribution to the measured fluorescence intensity. The dashed red circles show the 
position of the bleach spot. The inset images, which are 300 μm x 300 μm, were 
captured immediately after photobleaching and again 1200 sec later.  
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diffusion constant and mobile fraction values obtained for annexin V are provided in 
Table 3.5. 
 
3.5 Discussion  
It has been reported that spacer length and density play an important role in the 
structure and function of supported membranes.102,122,123 Wagner et al. reported the 
formation of uniform and mobile bilayers on PEG coated substrates made with silane-
functionalized PEG2000 tethers,54 whereby the polymer concentration was maintained 
slightly below the mushroom-to-brush transition. It was observed that a decrease in the 
mobile fraction of fluorescently labeled lipids was directly related to increasing the 
polymer density within the supported membrane. In 2004, Purrucker and Tanaka 
reported that the spacer length could strongly influence the distribution, function and 
lateral diffusion of transmembrane proteins.102  They observed a homogenous 
distribution of labeled integrin αIIbβ3 when using longer polymer spacers. Such results 
suggest that the membrane-substrate distance is a very significant variable for 
successfully incorporating transmembrane proteins into supported bilayers.  Finally, 
Kunding and Stamou reported that membrane-substrate distance in the presence of a 
PEG cushion could be varied by modulating the ionic strength of the solution.122  
Herein, rapid diffusion of annexin V with a high protein mobile fraction was 
achieved with a double cushion system. The key difference between this platform and 
previous designs is the fact that a sacrificial protein layer was present between the 
polymer-cushioned membrane and the underlying substrate. BSA monolayers have been  
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Table 3.5 Lateral mobility of fluorescently labeled annexin V in the double cushion 
system. 
 
Double Cushion  
System 
Diffusion Coefficient 
(× 10-8 cm2/s) 
Mobile Fraction 
(%) 
PEG 550 – BSA 
PEG 2000 - BSA 
PEG 5000 – BSA 
0.5 ± 0.1 
2.0 ± 0.4 
2.9 ± 0.4 
33.1 ± 6.2 
52.2 ± 4.7 
73.5 ± 2.4 
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previously shown to resist the adsorption of additional proteins on glass substrates124 and 
are almost certainly providing a passivating layer in the present system. Evidence for 
this statement comes from Tables 3.4 & 3.5. Indeed, three-quarters of the annexin V 
molecules were immobile in the PEG5000-PE system in the absence of the BSA 
monolayer. Such a result is consistent with the notion that the transmembrane protein 
molecules diffuse around on the surface until they encounter a high energy site on the 
glass substrate, which leads to immobilization. Once the majority of high energy sites 
have been passivated, however, the rest of the annexin V molecules remain mobile over 
periods of time sufficiently long to perform fluorescence recovery experiments. 
It should be noted that the presence of the BSA film alone does not appear to be 
sufficient to produce a system with a high fraction of mobile protein molecules. Indeed, 
reducing the thickness of the PEG layer also reduces the mobile protein fraction (Table 
3.5). It is curious to note that the mobile fraction increases essentially monotonically 
with increasing PEG length at the onset of the mushroom to brush transition. This is 
consistent with the notion that a minimum spacer length is required in order for protein 
molecules to diffuse freely. 
Finally, it should be noted that the concentration of BSA incubated above the 
interface was key to forming high quality supported bilayers (Figure 3.3). Previous 
investigations have shown that relatively smooth BSA monolayers are formed with 
extensive spreading of protein molecules under circumstances where the BSA 
concentration in the bulk solution is relatively low (Figure 3.5).124 On the other hand, 
high bulk protein concentrations led to more rapid BSA adsorption and higher surface  
 67
 
 
 
 
 
 
 
 
Figure 3.5 BSA coated glass coverslips. (Left) At low protein concentration, BSA forms 
a flat protein monolayer. (Right) At high protein concentration, a higher density of 
protein adsorbs more rapidly which prevents the BSA molecules from spreading. 
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densities. Consequently, there was much less protein spreading. The adsorption and 
relaxation kinetics of BSA molecules at the solid-liquid interface should play an 
important role in their function as cushions. It is probably the case that rougher surfaces, 
created with higher BSA concentrations, are not as conducive to the fusion of 
phospholipid vesicles. Indeed, previous studies have shown that vesicle fusion relies on 
relatively low substrate roughness.41,72 
 
 
3.6 Summary and Conclusions 
 
In conclusion, transmembrane protein mobility was maintain within our double 
cushion bilayer platform. With this novel system transmembrane protein diffusion values 
similar to the diffusion of fluorescently labeled lipids were obtained. In this study 
commercially available PEG-PE lipopolymers of molecular weights up to 5,000 were 
used. A mobile fraction of ~ 70 % was obtained with the PEG-PE 5,000. We suspect that 
increasing the PEG spacer to an even larger size would result in even higher mobile 
fractions.  
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CHAPTER IV 
ELECTROPHORESIS IN SUPPORTED LIPID BILAYERS: SEPARATION, 
CHARACTERIZATION, AND IMAGING OF MEMBRANE BOUND SPECIES*  
 
4.1 Synopsis   
 
It is well-known that the purification of membrane species is a difficult process. 
The processing conditions are often harsh, which can result in alteration of native 
structures. We have developed a new method to rapidly separate membrane bound 
species without exposing the molecules to harsh environments. In this method we 
employ a solid supported bilayers made of POPC doped with cholesterol as a separation 
medium to laterally separate membrane species within the membrane. Cholesterol was 
used to reduce the diffusion of lipids within the bilayer and, therefore, substantially 
reduce mixing of the dye-conjugated lipids to be separated. These molecules were 
introduced into an SLB adjacent to the separations SLB and electrophoresis was 
employed to move these species through it.  The separation of two isomers of Texas Red 
dye and a green dye, BODIPY, was achieved with high resolution and small band 
broadening. This procedure could be extended to the purification of peripheral and 
transmembrane proteins. 
 
________________________ 
*Parts of this chapter are reprinted from “Separation of Membrane-Bound Compounds 
by Solid-Supported Bilayer Electrophoresis” by Daniel, S.; Diaz, A.J.; Martinez, K.M.; 
Bench, B.J.; Albertorio, F.; Cremer, P.S. 2007. Journal of the American Chemical 
Society, 129, 8072-8073, Copyright [2007] American Chemical Society. 
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4.2 Introduction  
Separation, purification, and detection of biomembrane species such as lipids and 
transmembrane proteins are difficult tasks. The processing conditions are often harsh, 
which can result in alteration of native structures or complete loss of material.125,126 
Furthermore, it is difficult to detect subtle post-translational changes in these molecules 
that occur on the cell surface.127-129 The procedures often require one to dissolve the 
membrane in detergent, sonicate, filter through chromatographic columns, and separate 
into bands using gel electrophoresis.  The use of detergents has negative impact on the 
yields and stability of the proteins and often interferes with biophysical and 
crystallographic studies. Procedures that circumvent such drawbacks would represent an 
attractive alternative and could significantly impact transmembrane proteomics. 
Herein, we describe a new method to rapidly separate membrane components 
without exposing the molecules to harsh environments. We employ a solid-supported 
lipid bilayer (SLB) made of POPC and cholesterol as the separation medium to laterally 
separate membrane-bound species (Figure 4.1). This procedure is somewhat analogous 
to gel electrophoresis, except that the SLB replaces the gel. It is well-documented that 
membrane components can be manipulated in SLBs using electrophoresis, including 
lipids,46,48,98,130 vesicles tethered to the bilayer using DNA hybridization,131,132 and GPI-
linked proteins.47 To conduct separations, however, it is necessary to tune the bilayer 
chemistry to attenuate the diffusion coefficient of the lipids and, therefore, reduce the 
diffusive mixing. Cholesterol significantly decreases the lipid diffusion coefficient133,134 
and increases the band resolution one can obtain. As will be shown, this analytical-scale 
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Figure 4.1 Schematic diagram of a solid supported lipid bilayer before and after 
applying an electric field.  Before applying voltage across the supported lipid bilayer a 
section of analyte membrane is spliced next to the separation bilayer.   
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separation technique is powerful enough to separate isomers of fluorescently labeled 
lipids. 
 
4.3 Experimental 
Materials 
 The following lipids were used in these experiments: 1-palmitoyl-2-oleoyl-
snglycero- 3-phosphocholine (POPC), 1,2-dilauroyl-sn-glycero-3-phosphocholine 
(DLPC), and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). These were obtained 
from Avanti Polar Lipids (Alabaster, AL). Fluorescently labeled lipids used in the 
separation experiments were: Texas Red 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium salt (Texas Red DHPE) and N-(4,4-difluoro-
5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propionyl)-1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine, triethylammonium salt (BODIPY DHPE), obtained 
from Molecular Probes (Eugene, OR). Phosphate buffer saline (PBS) used in the 
preparation of vesicles was made with 10 mM Na2HPO4, 5 mM NaH2PO42, and 150 mM 
NaCl (pH 7.4). Sodium chloride, sodium phosphate monobasic, and sodium phosphate 
dibasic were all obtained from Sigma-Aldrich (St. Louis, MO). The pH was adjusted to 
7.4 using sodium hydroxide (EMD, Germany). The purified water used in the 
preparation of all solutions was obtained from a NANOpure Ultra Water System 
(Barnstead, Dubuque, IA) and had a minimum resistivity of 18 MΩ·cm. Polycarbonate 
filters (Whatman, Fisher Scientific) with pore diameters of 100 nm and 50 nm were used 
in the preparation of vesicles. Glass coverslips (VWR) were used as supports for the 
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bilayers and were boiled in 7X solution (MP Biomedicals, Aurora, OH) that was diluted 
four fold by volume with purified water. Polydimethylsiloxane (PDMS; Sylgard 184) 
was obtained from Dow Corning. Platinum electrodes were made from platinum wire 
with a diameter of 0.25 mm from Alfa Aesar (Ward Hill, MA). Thin layer 
chromatography (TLC) was carried out using glass-backed TLC plates made of silica gel 
with pore sizes of 60 Å and a layer thickness of 250 μm (VWR). 
 
Preparation of the Supported Bilayers Used in the Separation Experiments 
 Small unilamellar vesicles (SUV) were used to form solid-supported lipid 
bilayers (SLBs) on glass substrates by vesicle fusion.26,46,113,115,116 The vesicles used to 
create the separation bilayer were composed of POPC and cholesterol.  Vesicles 
containing the fluorescently labeled lipids were composed of POPC mixed with a 
suitable mol% of Texas Red DHPE and/or BODIPY DHPE.  To make the various 
vesicle solutions, the appropriate components were first dissolved in chloroform and 
dehydrated under vacuum for three hours. The dried mixtures were rehydrated in PBS 
and subjected to ten freeze/thaw cycles by alternating between liquid nitrogen and a 30 
oC water bath.  The solution was then extruded several times through a polycarbonate 
filter to produce vesicles of uniform size.  For the first extrusion, a filter with 100 nm 
diameter pores was used, followed by five passes through a filter with 50 nm diameter 
pores.  The resultant SUVs were sized by dynamic light scattering using a 90Plus 
Particle Size Analyzer (Brookhaven Instruments Corporation) and were found to be 
highly uniform at each composition and had an average diameter of 80-90 nm.   
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Glass coverslips used as supports for the bilayers were cleaned in 7X solution 
following established procedures.66  They were then annealed in an oven at 550 oC for 
five hours to yield flat surfaces with a typical root mean square roughness (RMS) value 
of 0.13 nm over a 1 μm2 area as determined by atomic force microscopy. A drop of 
vesicle solution (~200 μL) was placed on the clean hydrophilic glass coverslip.  The 
solution was confined to a rectangular area in the center of the glass coverslip by a thin 
hydrophobic PDMS mold.  The mold was made by cross-linking PDMS between two 
silanized glass microscope slides separated by a thin metal spacer between 200 to 400 
μm thick.  After cross-linking, a rectangular hole approximately 1 cm2 was cut out of the 
center of the elastomeric sheet using a razor blade.  The outer edges of the mold were 
trimmed to fit exactly over the glass coverslip.   
The separation bilayer was prepared first.  The vesicle solution containing 
cholesterol was incubated on the glass slide for ten minutes and rinsed with copious 
amounts of purified water to remove any excess, unfused vesicles from the surface. In 
the next step, a thin strip of the supported bilayer was completely removed so that 
vesicles containing the mixture of fluorophores could be fused in that region.  We found 
that the edge of a coverslip wrapped with several ply of Teflon tape was an effective tool 
to plow out a thin line (80 μm wide) of bilayer material while not causing any damage to 
the underlying substrate.  Immediately following this step, ~ 100-200 μL of vesicle 
solution containing the dye-labeled lipids were added to the PDMS well.  After about 
five minutes, the well was thoroughly rinsed with DI water.  Figure 4.2 shows a 
schematic representation of the procedure. 
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Figure 4.2 Procedure to form bilayer and separate a mixture of dye labeled lipids by 
electrophoresis.  (1) First form a the separation bilayer containing 25 mol% cholesterol 
(yellow) in POPC lipids (gray) via vesicle fusion.  (2) Gently press the edge of a glass 
coverslip slide coated with Teflon tape into the bilayer and plow out a thin line of the 
bilayer.  (3) Add vesicles containing the mixture of fluorophores to be separated to the 
bulk aqueous phase above the supported bilayer. These vesicles will fuse in the bare 
region.  (4) Apply a potential laterally across the bilayer and observe the resultant 
separation of fluorescent lipids, as indicated by the colored arrows corresponding to each 
kind of lipid. 
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A 100 V potential was applied laterally across the bilayer by placing a platinum 
wire electrode on each side of the PDMS well using a standard regulated power supply 
(Lambda Electronics Corp., Long Island, NY) while monitoring the current through the 
system with a digital multimeter (Keithly).  DI water was used to minimize Joule heating.   
We maintained currents of only a few microamps or less during all experiments so Joule 
heating was negligible.  Time lapse images were taken of the slide every five minutes to 
monitor the movement of the fluorescent bands and subsequent separations. A 4X 
microscope objective was used to maximize the field of view in our set up. Imaging was 
performed with a Nikon Eclipse TE2000-U equipped with a Sensys CCD camera 
(Photomatrics, Roper Scientific) working in conjunction with MetaMorph software 
(Universal Imaging). An illustration of the experimental set up is shown in Figure 4.3. 
 
Preparation of Supported Bilayers with Various Amounts of Cholesterol 
 The effect of cholesterol on the fluidity of solid supported lipid bilayers was 
examined using fluorescent recovery after photobleaching (FRAP).86,96  Bilayers of 
POPC, DOPC, and DLPC with varying mole percentages of cholesterol and 0.1 mol% 
Texas Red DHPE were studied.  Briefly, the phospholipids, cholesterol, and Texas Red 
DHPE (all in chloroform) were mixed in proper proportions and dried first under a 
stream of nitrogen gas and then desiccated for three hours. PBS (pH 7.2) was added to 
each sample for rehydration.  Each was then frozen with liquid nitrogen and thawed a 
total of five times with vortexing in between the freeze-thaw cycles.  These vesicles 
were  extruded through a polycarbonate filter (50 nm pore size) a total of seven times.   
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Figure 4.3 Diagram of the experimental set up used in the separation experiments.  The 
bilayer was maintained in an aqueous environment at all times.   
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The effective diameters of these unilamellar vesicles were determined via light scattering 
and found to be within the diameter range of 80-110 nm.   
Bilayers were then formed from these vesicles by vesicle fusion on previously 
cleaned and annealed glass, using a PDMS slab with a hole cut in the middle to contain 
the bilayer and bulk buffer above it. Bilayers formed in this manner appeared to be 
uniform down to the diffraction limit under all conditions investigated. 
 
Diffusion Measurements   
Diffusion coefficients and mobile fractions of Texas Red DHPE were measured 
by fluorescence recovery after photobleaching (FRAP).86,96  The dye-labeled lipids were 
bleached with the 568.2 nm line from a mixed gas Ar+/Kr+ laser beam (Stabilite 2018, 
Spectra Physics).  100 mW of power was directed onto the sample for less than 1 second.  
The beam, which was sent through a 10X objective, had a full-width at half-maximum of 
~17 μm at the sample plane.  The recovery of the photobleached spot was followed with 
the same microscope system described above. The fluorescence intensity of the bleached 
spot was determined after background subtraction and normalization for each image. 
The diffusion coefficient of the dye-labeled lipids was determined as follows. First, the 
fluorescence recovery as a function of time was fit to a single exponential equation, from 
which we obtained the mobile fraction of the dye-labeled proteins and the half-time of 
recovery (t1/2).  The diffusion coefficient, D, was then calculated from the following 
equation: γ
21
2
4t
wD = , where w is the full width at half-maximum of the Gaussian profile 
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of the focused beam and γ is a correction factor (= 1.1) that depends on the bleach time 
and geometry of the laser beam. 
 
4.4 Results and Discussion 
In a first set of experiments, we demonstrate the ability of cholesterol to decrease 
band broadening during the separation process. We compared the behavior of a band of 
1 mol% Texas Red DHPE lipids migrating in a plain POPC bilayer and in a POPC 
bilayer with 25 mol% cholesterol. To begin an experiment, supported bilayers were 
formed on a planar glass substrate by the vesicle fusion method.  Next, a thin line of 
bilayer (~80 μm width) was removed using a sharp piece of glass coated with Teflon 
(see supplemental materials).  Vesicles containing POPC and 1 mol% Texas Red DHPE 
were then introduced into the aqueous phase above the surface.  The vesicles fused to the 
bare portion of the substrate, creating a thin bilayer strip with Texas Red DHPE in it.  A 
100 V potential (DC) was applied parallel to the plane of the bilayer.  Because the 
fluorophores were negatively charged, they migrated toward the positive electrode.  We 
monitored the lateral movement and band broadening of the Texas Red bands as a 
function of time using an inverted epifluorescence microscope (Figure 4.4). 
The bilayer without cholesterol showed substantial band broadening after 30 
minutes of applied voltage (Figure 4.4, left images).  By contrast, the band in the bilayer 
containing 25 mol% cholesterol (Figure 4.4, right images) remained much more compact.   
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Figure 4.4 Comparison of the band broadening of Texas Red-labeled lipids migrating in 
either pure POPC (left) or POPC doped with 25 mol% cholesterol (right). The upper two 
images are epifluorescence micrographs of the systems immediately after formation of 
the Texas Red-containing strips. The lower two images show band migration after 
applying 100 V across the sample for 30 minutes.  The positive and negative electrodes 
were located on the right and left sides of the frame, respectively.  The faint line to the 
left in the bottom panels represents a 2% immobile fraction of lipids. The plots below 
the images show the corresponding linescans initially and after 30 minutes.  The 
linescans have been corrected for vignetting and normalized to the fluorescence level of 
the initial image to account for photobleaching.  The length of the images matches the 
scale of the x-axis in the plots. 
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Moreover, this band resolved into two distinct chromatographic features with an area 
ratio of ~ 70:30.   
Mass spectral analysis showed that Texas Red DHPE had a molecular weight of 
1381.85 Da and was relatively pure.  It is well known, however, that the sample should 
consist of an isomeric mixture135 (Figure 4.5, left side). Indeed,    
phosphatidylethanolamine lipids can conjugate to Texas Red sulfonyl chloride at either 
the ortho or para positions of the lower aromatic ring. This accounts for the presence of 
two bands in Figure 4.4 and is illustrated schematically in Figure 4.5 (right side). 
Two other possible origins for the band splitting need to be considered. First, a 
difference in the mobilities of the lipids in the upper and lower leaflets might lead to 
band separation.  Also, it is conceivable that that the separated bands represent species in 
different microdomains or lipid rafts.136,137  We ruled out both these possibilities by 
purifying the Texas DHPE using thin layer chromatography. Several small spots of 
Texas Red DHPE in chloroform were formed on a TLC plate using a glass pipette. The 
spotted plate was then placed into a development jar and eluted with ethanol. Figure 4.6 
shows the TLC plate after separation of the bands from six individually placed spots. 
Texas Red labeled phospholipids were recovered from the TLC plate by carefully 
scraping the separated bands with a razor blade and re-suspending in ethanol to extract 
the lipids from the silica beads. The mixture was centrifuged at 13,500 RPM (5415, 
Eppendorf) for 5 minutes and the supernatant was collected. This procedure was 
repeated (typically 5 times) until no Texas Red phospholipids were detected in the pellet 
by observing the color. To take away the ethanol, the samples were dried using nitrogen  
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Figure 4.5 (Left) Chemical structure of Texas Red sulfonyl chloride.88  The lower ring 
contains the reactive sulfonyl chloride group (red), which can reside at either the 2 (ortho) 
or 4 (para) position. (Right) Illustration of the separation of a mixture of Texas Red 
DHPE lipid isomers into distinct bands in a supported bilayer 
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Figure 4.6 Image of a TLC plate after Texas Red DHPE separation. Six individual spots 
of Texas Red DHPE were placed at the bottom of the plate (horizontal loading line) and 
eluted with ethanol for approximately 20 minutes. 
 
 
 
 
 
 
 84
followed by desiccation under vacuum for 1 hour. 
Each pure lipid isomer was separately mixed into POPC vesicles and fused into 
supported bilayer strips adjacent to a separation matrix consisting of a bilayer made from 
75 mol% POPC and 25 mol% cholesterol.  As expected, 30 min. of electrophoresis gave 
rise to only one band in each case (Figure 4.7).  As a control, UV-Vis spectroscopy was 
performed on the isolated compounds as well.  These experiments confirmed that the 
isomers existed in an approximately 70:30 mole ratio. 
TLC purification was also carried out on BODIPY DHPE to verify that this 
compound was pure.  We did not detect any band splitting using this method in 
agreement with the electrophoresis studies.   
Matrix assisted laser desorption ionization (MALDI) mass spectroscopy was 
performed on the isolated fractions of Texas Red DHPE obtained from TLC. The 
spectrum for each band is shown in Figure 4.8.  Comparing the spectra, both fractions 
have nearly identical masses, indicating that they arise from two different isomers of the 
same compound.  The mass of Texas Red DHPE is 1381.85 g/mol.  The compound is a 
salt and consists of the negatively charged dye-conjugated lipid, 1279.65 g/mol, as well 
as triethylammonium cations, 102.2 g/mol.  The low mass peak in each spectrum 
corresponding to m/z 1302.7 represents the negatively charged dye-conjugated lipid with 
one sodium ion and one proton.  The peak at m/z 1324.7 represents the dye-conjugated 
lipid with two sodium ions.  The peak at m/z 1340.7 corresponds to the dye-conjugated 
lipid with one sodium ion and one potassium ion.  The peak at m/z 1354.7 represents the  
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Figure 4.7 Images of Texas Red DHPE migrating through a 75 mol% POPC/ 25 mol% 
cholesterol bilayer after TLC purification. Left: Texas Red from the large mol. fraction 
isomer after TLC purification, initially (top) and after 30 min of 100 V applied potential 
(middle).  Right: the corresponding images for the other isomer. The plots below the 
images show the associated linescans, initially and after 30 minutes, corrected for 
vignetting. 
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Figure 4.8 Mass spectra of each fraction of the TLC purified Texas Red DHPE isomers. 
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dye conjugated lipid with two potassium ions.  The peak at m/z 1382.7 is attributed to 
the Texas Red salt with an additional proton. 
In a final set of experiments, we demonstrated that a more complex mixture can 
be separated.  For this purpose, we fused POPC vesicles containing 1 mol% Texas Red 
DHPE and 1 mol% BODIPY DHPE into a bilayer strip as performed above. Figure 4.9 
(top) shows the three bands that were resolved after 30 min. of electrophoresis at 100 V.  
As can be seen, the Texas Red lipid bands move more slowly that the single green 
BODIPY band. The linescan (bottom) shows that the bands are resolved.   
Finally, MALDI Mass Spectrometry (MS) Imaging138 was used to analyze the 
separated species in the bilayer. Imaging MS provides native state analyte identification 
(owing to the molecular mass of individual molecules) and does not require the use of a 
fluorophore or a “tag” for analysis. Matrix assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) is used to obtain mass spectra at discrete x-
y spatial positions. Each pixel or mass spectrum can be individually interrogated for a 
specific m/z value and assembled to produce an ion image.  In that, multiple MS images 
can be obtained for each single experiment.  
To prepare supported lipid bilayer samples for MS, the water must be removed 
from the system without disrupting the lateral organization of the membrane. Figure 4.10 
outlines the procedure used to prepare the lipid bilayers for MS analysis. Firstly, the bulk 
water solution is removed from the PDMS well and the sample is plunge frozen in liquid 
nitrogen-cooled ethane. Then, samples are dried under vacuum (millitorr) at 4ºC for 
about 4 hr.  Finally, the sample is adhered to a MALDI plate, and a matrix (20 mg/mL  
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Figure 4.9 (Top) Composite image of the separation of TR DHPE and BODIPY DHPE 
in a POPC bilayer containing 25 mol% cholesterol after 35 minutes of applying a 100 V 
potential.  (Bottom) corresponding linescan of the image, corrected for vignetting. The 
small peak at ~300 μm represents an approximately 2% immobile fraction of total dye-
labeled molecules.  The areas of the large and small peaks of Texas Red are ~ 75% to 
25%, which is slightly different than the areas in Figure 1 and probably represents a 
small amount of batch-to-batch variability in the dye formulation of the manufacturer. 
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Figure 4.10 Schematic diagram of the sample preparation protocol used for MS analysis.  
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α-cyano 4-hydroxycinamic acid in 80 % acetone and 20% methanol) is aerosol 
deposited onto the sample. After being introduced into the mass spectrometer, the 
sample is interrogated in 60μm increments to produce the resulting images in Figure 
4.11. In particular, the two separated TR-DHPE lipid (m/z 1324.6) bands are detected at 
different locations in the ion image, agreeing well with fluorescent images. Each mass 
spectrum represents the average of 500 laser shots and the laser spots size is ~ 60 μm x 
60 μm. The ability to use a lipid bilayer as a separation medium followed by MS 
imaging might have an impact on the analysis of cell membranes. In that, it may be 
possible to monitor biological processes such as the formation and chemical composition 
of lipid rafts without the need for molecular tags.  
All MS experiments were performed on a 4800 TOF TOF Mass Analyzer 
(Applied Biosystems, Framingham, MA) equipped with a Nd:YAG laser (355 nm). 
Imaging was acquired using 4000 Imaging Series software and data was worked up 
using Bio-Map (www.maldi-msi.org).  
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Figure 4.11 Mass spectrometry images of the separated species in a lipid bilayer. (Top) 
Ion image of m/z 782 which corresponds to the other lipid (POPC) in the original fused 
vesicles (should only move due to diffusion). (Bottom) The two TR-DHPE isomers 
(both at m/z 1324.6) are separated from each other and imaged using MS. Data taken by 
Ms. Stacy Sherrod in Dr. Russell Laboratory (Texas A&M University). 
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4.5 Summary and Conclusions 
We have developed a simple on-chip device that can detect membrane proteins 
and lipids and even subtle differences in isoform within the native environment of a lipid 
bilayer. The method was powerful enough to completely resolve two isomers of Texas 
Red DHPE from each other.  Moreover, these isomers could be separated from a 
BODIPY-conjugated lipid as well. This method could be extended to the purification 
and separation of membrane proteins by incorporating an appropriate polymer cushion70 
into our supported bilayer system to ensure mobility of the transmembrane species. 
Protein bands could be detected by Western blotting with appropriate protein-specific 
antibodies or the bilayers could be imaged via mass spectrometry for label-free 
detection.139 Such an advance might even have impact in the analysis of whole cell 
membranes. In fact, cell membranes could be analyzed to follow protein expression or 
post-translational modifications.  
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CHAPTER V 
SEPARATION OF PERIPHERAL PROTEINS BY SOLID-SUPPORTED 
 BILAYER ELECTROPHORESIS  
 
5.1 Synopsis 
In Chapter IV, a method was developed for the purification of membrane-bound 
species within a supported lipid bilayer platform. Herein, the electric field generated by 
an applied potential has been used to separate streptavidin proteins bound to a supported 
phospholipid bilayer. By geometry, streptavidin proteins can bind either monovalently or 
bivalently via lipid-conjugated biotin moieties present within the membrane. The 
separation of doubly bound proteins from singly bound proteins was achieved with high 
resolution. We showed that we can control the fraction of protein which is singly and 
doubly bound by varying the concentration of ligand moieties within the supported 
membrane. This study demonstrates that first, bilayer electrophoresis can be used to 
separate membrane associated proteins, and second, and that the technique is sensitive to 
elucidating the valency state of the ligand-receptor pair.   
 
5.2 Introduction 
  Elucidating the profile of membrane proteins on live cells is vital for developing 
new therapeutic agents and potential drugs candidates. Investigating these proteins has 
proven to be difficult, mostly due to their hydrophobic nature and low abundance. 
Conventional methods for membrane protein purification are cumbersome and time 
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consuming. Protein yields are extremely low and they can easily denature and lose their 
function during the purification procedure.   
We have created a method to separate membrane bound species in a solid-
supported lipid bilayer platform.140 Membrane-bound species that can potentially be 
separated include conjugated lipids with various functionalities (such as fluorescent 
dyes), colloidal particles, and vesicles, ligands for specific binding reactions, and 
peripheral and transmembrane proteins. This technique is to some extent similar to gel 
electrophoresis, except here the separation matrix is now a solid-supported bilayer.  
As a first step towards purifying transmembrane proteins, we investigated the 
separation of streptavidin in a supported bilayer system. We showed that we could 
electrophoretically move fluorescently labeled streptavidin proteins bound to a 
phospholopid bilayer via lipid-conjugated biotin moieties to form discrete bands. 
Streptavidin is a 52.8 kD tetrameric protein produced by Streptomyces avidinii.141-143 
There are two binding pockets on each side of a single streptavidin protein (Figure 5.1) 
and, hence, it can bind either monovalently or bivalently to a supported lipid bilayer 
doped with biotin-conjugated lipids.  
Herein, we show separation of streptavidin proteins bound to a supported 
phospholipid bilayer. The separation of doubly bound proteins from singly bound 
proteins was achieved with high resolution. Also, we found that the fraction of protein 
which is singly and doubly bound can be varied by adjusting the concentration of ligand 
moieties in the membrane. This electrophoretic platform allows for the direct 
observation of the different valency states of ligand-receptors pairs at the membrane  
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Figure 5.1 Schematic representation of streptavidin bound to a supported lipid bilayer. 
Streptavidin has two binding pockets on each side of the protein. It can bind either 
monovalently or bivalently to biotin-conjugated lipids within the lipid membrane.    
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interface.  This technique could be extended to study other multivalent ligand-receptor 
interactions, such as the interaction between the pentameric cholera toxin B subunit and 
the membrane ligand, ganglioside GM1.144,145 Numerous biological processes, such as 
cell signaling146 and cell-pathogen interactions147,148 are linked with multivalent 
interactions. Understanding the nature of multivalency is crucial for the development of 
more accurate therapeutic agents that can interfere with pathological interactions.  
 
5.3 Experimental 
Materials 
1-palmitoyl-2-oleoyl-sn-glycero- 3-phosphocholine (POPC) was the major 
component of all lipid bilayers. POCP was mixed with various amounts of 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(Cap Biotinyl) (Sodium Salt) lipids, 
which served as the ligand for protein binding. All the lipids were obtained from Avanti 
Polar Lipids (Alabaster, AL). Streptavidin was conjugated with Texas Red dye prepared 
by and obtained from Molecular Probes (Eugene, OR). The reported degree of labeling 
was 2.1 dyes/streptavidin. The molecular weight of streptavidin is 53,000 Da (Molecular 
Probes, Product Information). Phosphate buffer saline (PBS) used in the preparation of 
vesicles was made with 10 mM Na2HPO4, 5 mM NaH2PO42, and 150 mM NaCl (pH 7.4). 
Sodium chloride, sodium phosphate monobasic, and sodium phosphate dibasic were all 
obtained from Sigma-Aldrich (St. Louis, MO). The pH was adjusted to 7.4 using sodium 
hydroxide (EMD, Germany). The purified water used in the preparation of all solutions 
was obtained from a NANOpure Ultra Water System (Barnstead, Dubuque, IA) and had 
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a minimum resistivity of 18 MΩ·cm. Polycarbonate filters (Whatman, Fisher Scientific) 
with pore diameters of 100 nm and 50 nm were used in the preparation of vesicles. Glass 
coverslips (VWR) were used as supports for the bilayers and were cleaned with 7X 
solution (MP Biomedicals, Aurora, OH). Polydimethylsiloxane (PDMS; Sylgard 184) 
was obtained from Dow Corning. 
 
Solid Supported Lipid Bilayer Preparation 
Small unilamellar vesicles (SUVs) were used to form solid-supported lipid 
bilayers on glass substrates by vesicle fusion.26,46,92,115 Vesicles were composed of POPC 
with different mol% of biotinylated lipids. The appropriate composition of lipids were 
dissolved and mixed in chloroform, then dehydrated under vacuum for approximately 4 
hours. The dried mixture was rehydrated in PBS buffer and subjected to ten freeze/thaw 
cycles by alternating between liquid nitrogen and a 30 °C water bath. The solution was 
then extruded several times through a polycarbonate filter to produce vesicles of uniform 
size. For the first extrusion, a filter with 100 nm diameter pores was used, followed by 
five passes through a filter with 50 nm diameter pores. The resultant SUVs were sized 
by dynamic light scattering using a 90Plus Particle Size Analyzer (Brookhaven 
Instruments Corporation) and were found to be highly uniform at each composition and 
had an average diameter of 80-90 nm. 
Glass coverslips used as supports for the bilayers were cleaned in 7X solution 
following established procedures.66 They were then annealed in an oven at 550 °C  for 
five hours to yield flat surfaces with a typical root mean square (RMS) value of 0.13 nm 
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over a 1μm2 are as determined by AFM. A 100 mL drop of vesicle solution was placed 
on the clean hydrophilic glass coverslip. The solution was confined to a circular area in 
the center of the glass coverslip by a thin hydrophobic PDMS mold. The mold was made 
by crosslinking PDMS between two silanized glass microscope slides separated by a thin 
metal spacer between 200 to 400 mm thick.  After crosslinking, a circular hole 
approximately 1 cm in diameter was punctured through the elastomeric sheet using a 
hole punch. The outer edges of the mold were trimmed to fit exactly over the glass 
coverslip.   
 
Protein Solution Preparation 
Solutions of streptavidin were prepared in PBS buffer, pH 7.4, at a concentration 
of 0.5 μM.  Prior to use, each solution was centrifuged at 13,500 RPM for 20 minutes 
(5415D, Eppendorf) to remove any large protein aggregates from the bulk solution.  
 
Mobility Measurements  
Diffusion coefficients and mobile fractions of streptavidin were measured by 
FRAP.86 The dye-labeled proteins were bleached with the 568.2 nm line form a mixed 
gas Ar+/Kr= laser beam (Stabilite 2018, Spectra Physics). 100 mW of power was directed 
onto the sample for approximately one second. The beam, which was sent through a 10X 
objective, had a full-width at half maximum of ~ 13 μm at the sample plane. The 
recovery of the photobleached spot was followed as a function of time using a time-lapse 
imaging under a fluorescence microscope (Nikon Eclipse TE2000-U) equipped with a 
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Sensys CCD camera (Photomatrics, Roper Scientific) and employing MetaMorph 
software (Universal Imaging). The fluorescence intensity of the bleached spot was 
determined after background subtraction and normalization for each image. The 
diffusion coefficient of the dye-labeled proteins was determined using standard 
procedures.86 Briefly, the fluorescence recovery as a function of time was fit to a single 
exponential equation, from which we obtained the mobile fraction of the dye-labeled 
proteins and the half-time recovery (t1/2). The diffusion coefficient, D, was then 
calculated from the following equation: D = (w2/ 4t1/2) γD, where w is the full width at 
half maximum of the Gaussian profile of the focused beam and γD is a correction factor 
that depends on the bleach time and geometry of the laser beam. 
 
Bilayer Electrophoresis of Streptavidin 
Figure 5.2 shows a schematic representation of the procedure. First, the 
separation bilayer was prepared first.  The vesicle solution containing POPC and 25 
mol% cholesterol was incubated on the glass slide for ten minutes and rinsed with 
copious amounts of deionized water to remove any excess, unfused vesicles from the 
surface. In the next step, a thin strip of the supported bilayer was completely removed 
with a coverslip wrapped with several ply of Teflon tape. A thin line (80 μm wide) of 
bilayer material was removed without causing any damage to the underlying substrate.  
Immediately following this step, ~ 100-200 μL of vesicle solution containing the 
biotinylated lipids were added to the PDMS well.  After about five minutes, the well was 
thoroughly rinsed to remove unfused vesicles.  Then, the bilayer was incubated with the  
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Figure 5.2 Procedure to form bilayer and separate streptavidin proteins by 
electrophoresis.   
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streptavidin solution for 30 minutes, followed again by vigorous rinsing with buffer to 
remove unbound protein. The sample was then assembled, under buffer, into a sandwich 
with another coverslip and mounted in the electrophoresis device. The electrophoretic 
device (Figure 5.3), made of Teflon, consisted of two platinum wire electrodes placed in 
solution-filled wells. The coverslip sandwich (inset; Figure 5.3B) was arranged to form a 
bridge between the two electrode wells. The electrical link was achieved all the way 
through the solution in the coverslip sandwich. 
Finally, a 250 V potential was applied laterally across the bilayer by placing a 
platinum wire electrode on each side of the PDMS well using a standard regulated power 
supply (Lambda Electronics Corp., Long Island, NY) while monitoring the current 
through the system with a digital multimeter (Keithly).  Time lapse images were taken 
every five minutes to monitor the movement of the protein bands and subsequent 
separations. A 4X microscope objective was used to maximize the field of view in our 
set up. Imaging was performed with a Nikon Eclipse TE2000-U equipped with a Sensys 
CCD camera (Photomatrics, Roper Scientific) working in conjunction with MetaMorph 
software (Universal Imaging). 
As the potential is applied across the membrane, the negatively charged 
streptavidin proteins will move toward the cathode by electroosmosis (Figure 5.4). 
Electroosmosis is the bulk motion of liquid over a stationary, charged surface in 
response to an applied electric field.149  In our separation platform, the motion arises 
from the flow of mobile counter ions (Na+) that are present in excess near the negatively  
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Figure 5.3 (A) Top view of the supported bilayer electrophoretic device. The body 
device is made of Teflon. (B) Side view of the device showing the platinum wire 
electrodes on each side. The inset depicts a cross-section of the coverslip sandwich, 
illustrating the supported membrane (not drawn at scale). The water on top of the bilayer 
is approximately 50 μm.  
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Figure 5.4 Schematic representation of the movement of peripheral proteins by 
supported lipid bilayer electrophoresis. Negatively charge proteins, such as streptavidin, 
will move toward the positive electrode after a potential is applied across the lipid 
bilayer, moving in the direction of the dash arrow above them. The black solid arrows 
indicate the direction of the Electro-osmotic Flow (EOF). 
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charged glass substrate. The major components of these membranes, POPC, is neutral 
and thus is expected to be unaffected by the field. 
 
5.4. Results and Discussion 
Diffusion Measurements  
Solid supported phospholipid bilayers containing various amount of biotinylated 
lipids were formed on glass supports to characterize the effect of increasing ligand 
density on two-dimensional protein diffusion. Under each set of conditions, 0.5 μM 
streptavidin was added above the interface and incubated for 20 minutes before being 
washed out. This concentration is sufficiently high to saturate the binding sites at this 
time scale.150 Moreover, the fluorescence measurements showed no evidence for protein 
desorption during the course of the FRAP measurements. This is to be expected because 
of the extremely low koff rate for avidin and streptavidin for bioin ligands.150 Figure 5.5 
shows a representative FRAP curve for streptavidin bound to 2 mol% biotin in the 
bilayer. The data were fit to a single exponential curve, from which the half-time of 
recovery (t1/2) could be determined and used to calculate the diffusion coefficients (see 
Experimental). The diffusion coefficient and mobile fraction for streptavidin were (0.95 
x 10-8) cm2/sec and 0.90, respectively. 
 
Electrophoresis 
As mentioned above, there are two binding pockets on each side of a single 
streptavidin protein (Figure 5.1) and, hence, it can bind either monovalently or bivalently  
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Figure 5.5. Fluorescence recovery as a function of time for streptavidin in POPC 
bilayers containing 2 mol % biotin. The diffusion coefficient, D, is (0.95 x 10-8) cm2/sec 
with a mobile fraction of 0.90. 
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to a supported lipid bilayer doped with biotin-conjugated lipids within the membrane. 
The biotin/streptavidin binding pair represents one of the strongest ligand-receptor 
interactions know in biological systems (KD = 10-15 M ).150,151 In fact, the apparent KD 
value at substrate surfaces is in the low picomolar range, while values in the femtomolar 
range have been found in bulk solution. Moreover, Koff, for this system is far longer than 
the 30 to 60 minutes timeframe over which an electrophoretic separation is typically 
performed. Therefore, one should expect to find two bands when separating the bound 
form of this protein from an analyte region containing both forms of the molecule into a 
separation matrix (Figure 5.6A).   
In the first set of experiments, supported bilayers composed of POPC and 25 mol 
% cholesterol were used as a separation matrix.  A thin line of bilayer was removed as 
described in the experimental section. Vesicles containing POPC and 3 mol% 
biotinylated lipids were then introduced and fused to the exposed section of the substrate, 
creating a thin bilayer strip with biotinylated lipids in it.  Then, the bilayer was incubated 
with the streptavidin solution (0.25 μM) for 30 minutes. After rinsing with buffer to 
remove unbound protein, a 250 V potential was applied parallel to the plane of the 
bilayer.  The lateral movement as a function of time was followed using an inverted 
epifluorescence microscope. Figure 5.6B shows a fluorescence image of the two bands 
that were resolved after 20 minutes of electrophoresis at 250 V.  The linescan associated 
with the fluorescence image shows that the bands are completely resolved.  We 
determined that the observed velocity scales linearly with the applied potential (Figure 
5.7).  
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Figure 5.6 (A) Schematic representation of the separation of streptavidin singly bound 
from doubly bound to POPC bilayers containing 3 mol % biotinylated conjugated lipids. 
(B) (Top) Epifluorescence image of separated dye-labeled streptavidin after 20 minutes 
of applied potential across the bilayer. This image was taken with a 4X air objective 
using a mercury arc lamp with exposure time of 200 ms. (Bottom) A line scan across the 
epifluorescence image shows that the bound protein has separated into two distinct 
bands; Band 1 (doubly bound) and Band 2 (singly bound).  
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Figure 5.7 A plot of peak velocity vs. applied voltage for streptavidin bands moving 
through 75 mol% POPC and 25 mol% cholesterol.  The straight lines are least square fits 
to the data.  
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One of the drawbacks of working at high voltage is the generation of heat. Joule 
heating will increase in our system as V2/R.152 Joule heating can affect separation by 
increasing thermal dispersion or possibly damage proteins that are temperature 
sensitive.152  The temperature generated in our electrophoretic system (Figure 5.3) was 
monitored in control experiments by utilizing poly(N-isopropylacrylamide) (PNIPAM). 
PNIPAM is a thermoresponsive polymer which aggregates and falls out of solution, 
making the solution cloudy, above its lower critical solution temperature (LCST).153-155 
10 mg/mL PNIPAM (M.W. 1.78 x 104 g/mol) solutions were prepared in 10 mM PBS 
buffer in the presence of 500 mM NaCl. For this set of conditions, PNIPAM shows a 
LCTS of approximately 25 °C.  The PNIPAM solution was placed between two pieces 
of glass and the sample was mounted in the electrophoretic device. An electric field was 
applied across the samples for over than two hours at 250 V.  No visible changes were 
detected. The solution stays clear during this period of time. For higher voltages a 
cooling system can be designed and added directly beneath the sample on which the 
electrophoresis experiment takes place. 
 
Diffusion Measurements of the Separated Species 
Previous studies156,157 have shown that membrane-bound proteins, which are 
attached to the bilayer only by association with the lipid head group, have diffusion 
coefficients similar to a phospholipid molecule in the dilute limit.  As mentioned above, 
streptavidin molecules could be associated either to one or two biotin moieties within in 
a supported lipid bilayer. Previous studies156,158 have shown that the diffusion constant of 
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proteins attached to two biotin moieties is reduced by a factor of two compared to an 
individual lipid’s value. The factor of two reduction arises because two lipids now need 
to be dragged together through the bilayer, while the viscous drag of the associated 
protein in the adjacent aqueous solution is practically negligible.156 By Einstein’s 
relation the diffusion coefficient of a lipid is: Dlipid ~ kT/flipid  where k is the Boltzmann 
constant, T is the absolute temperature and flipid is the friction coefficient of the lipid 
bilayer. When to lipids are linked together, becoming a dimer, the total friction 
coefficient becomes the sum of the of the friction factors of each lipid, fdimer = 2 flipid. The 
diffusion coefficient of proteins linked to two lipid molecules is then given by: Ddimer ~ 
kT/fdimer = Dlipid/2.  
FRAP experiments were performed on each one of the bands to determine the 
diffusion coefficients for the two species. Figure 5.9 shows fluorescence recovery curve 
for the two separated bands. As expected the diffusion coefficient of fluorescently 
labeled proteins within Band 2 was roughly a factor of 2 higher than labeled proteins 
present in Band 1 (Figure 5.8). 
 
Effect of Biotin Concentration on Protein Separation 
 
In a second set of experiments, we attempt to study the effect of decreasing the 
concentration of biotinylated lipids on the electrophoresis of bound streptavidin. For 
these experiments, the procedure is the same as outline above, except in this case, 
vesicles containing POPC and 2.5 mol% biotinylated lipids were used.  Then, the bilayer  
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Figure 5.8 Fluorescence recovery as a function of time for streptavidin singly-bound (A) 
and streptavidin doubly-bound (B) in POPC bilayers containing 3 mol % biotinylated 
conjugated lipids. The diffusion coefficient, D, of streptavidin singly bound to the 
bilayer is 1.12 x 10-8 cm2/sec with a mobile fraction of 0.87; for streptavidin doubly 
bound, D = 0.53 x 10-8 cm2/sec with a mobile fraction of 0.81.          
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was incubated with the streptavidin (0.25 μM) solution for 30 minutes. After rinsing the 
sample with 5 mM PBS buffer to remove unbound protein the sample was mounted in 
the electrophoretic device, as described in the experimental section. The lateral diffusion 
of the proteins as a function of time was followed using an inverted epifluorescence 
microscope. Figure 5.9 shows an epifluorescence image of the separated dye-labeled 
streptavidin after 20 minutes of applied potential across the bilayer. As we can observe, 
similar level of fluorescence intensity were obtained for both band. FRAP experiments 
were performed on each one of the bands to determine the diffusion coefficients for the 
two species. Once again, the diffusion coefficient of fluorescently labeled proteins 
within Band 2 was a factor of 2 higher than the labeled proteins present Band 1.  The 
diffusion coefficient, D, of streptavidin within Band 2 is 1.17 x 10-8 cm2/sec with a 
mobile fraction of 0.85; for streptavidin present in Band 1, D = 0.65 x 10-8 cm2/sec with 
a mobile fraction of 0.83.   
In the next experiments, the mol % of biotin within the supported membrane was 
decreased to 0.5 mol %. By decreasing the mol percent of biotinylated lipids within the 
supported membrane while maintaining the same concentration of streptavidin we 
expected to have only the proteins attached to the membrane via one biotin moiety. We  
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Figure 5.9 Epifluorescence image of the separation of streptavidin singly bound from 
doubly bound to POPC bilayers containing 2.5 mol % biotinylated conjugated lipids 
after 20 minutes of applied potential. This image was taken with a 4X air objective with 
exposure time of 200 ms. (Bottom) A line scan across the epifluorescence image shows 
that the protein bands are separated and detectable by fluorescence.  
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Figure 5.10 (A) Schematic representation of the electrophoresis of streptavidin singly 
bound to POPC bilayers containing 0.5 mol % biotinylated conjugated lipids. (B) (Top) 
Epifluorescence image of dye-labeled streptavidin after 20 minutes of applied potential 
across the bilayer. This image was taken with a 4X air objective using a mercury arc 
lamp with exposure time of 200 ms. (Bottom) Line scan across the fluorescence 
micrograph after 20 minutes of applied potential.  
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found the presence of only one band after a 250 V potential was applied parallel to the 
plane of the lipid membrane for 20 minutes, as described in Figure 5.10. The linescan 
associated with the fluorescence image shows that only one band is present and that its 
migration distance is similar to Band 2 (Figure 5.10B). FRAP experiments shows a 
diffusion coefficient for streptavidin of 1.12 x 10-8 cm2/sec with a mobile fraction of 0.84. 
In the last set of experiments, the mole percent of biotinylated lipid within the 
membrane was fixed 3 mol %, but the concentration of the streptavidin solution was 
decreased from 0.25 μM to 0.05 μM. Under this set of conditions, we expected to have a 
high population of proteins doubly bound to the membrane. We found the presence of 
only one band after a 250 V potential was applied parallel to the plane of the lipid 
membrane for 20 minutes, as described in Figure 5.11. The linescan associated with the 
fluorescence image shows that only band is present and that its migration distance is 
similar of Band 1 (Figure 5.11B).  FRAP experiments shows a diffusion coefficient for 
streptavidin of 0.57 x 10-8 cm2/sec with a mobile fraction of 0.82. 
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Figure 5.11 (A) Schematic representation of the electrophoresis of streptavidin doubly 
bound to POPC bilayers containing 3 mol % biotinylated conjugated lipids. (B) (Top) 
Epifluorescence image of dye-labeled streptavidin after 20 minutes of applied potential 
across the bilayer. This image was taken with a 4X air objective using a mercury arc 
lamp with exposure time of 200 ms. (Bottom) Line scan across the fluorescence 
micrograph after 20 minutes of applied potential. 
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5.5 Summary and Conclusions 
In this chapter, an electrophoretic platform was developed for the separation of 
peripheral proteins. We showed separation of streptavidin proteins bound to a supported 
phospholipid bilayer. The separation of doubly bound proteins from singly bound 
proteins was achieved with high resolution. As clearly illustrated, the fraction of protein 
which is singly and doubly bound can be controlled by adjusting the percent of ligand 
moieties in the membrane. This bilayer electrophoresis platform offers several 
advantages; it can be used to separate membrane associated proteins and is sensitive 
enough to get a better understanding of the valency state of the ligand-receptor pair.  
Furthermore, this novel electrophoresis technique can be used to study the 2D 
crystallization of proteins and it can be coupled to non-label techniques, such as Mass 
Spectrometry, for proteomics applications.  
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CHAPTER VI 
BIOPRESERVATION OF SUPPORTED PHOSPHOLIPID BILAYERS 
 
6.1 Synopsis 
The work presented in this chapter focuses on the study of supported lipid bilayer 
stability during exposure to air. The two-dimensional fluidity allows for individual 
components to rearrange as they would in real cell membranes and is key for mimicking 
biochemical reactions that occur on the cell surface, such as protein-protein interactions 
and pathogen attack. One drawback of this biological platforms its inability to remain 
stable upon exposure to air and withstand the harsh mechanical and chemical stress 
associated with real-world sensor applications. Recently, our group found that the 
addition of trehalose to planar supported membranes, preserve bilayer integrity and 
functionality upon exposure to dry conditions.159  Herein, we demonstrate the practical 
application of such technology towards the development of robust sensor platforms. 
Supported lipid bilayer (SLB) samples dried in the presence of trehalose were packed 
and shipped to two different destinations in order to determine how the SLB system will 
react to conditions outside of the laboratory. FRAP measurements showed that the lipid 
bilayers were still mobile with high mobile fraction.  This methodology demonstrates the 
above mentioned application and moreover can be coupled to the electrophoresis 
technique. Species of interest can be separated in the membrane and then dried in the 
presence of trehalose for further analytical studies.  
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6.2 Introduction 
Supported phospholipid bilayers have proven to be useful mimics of the cell 
membrane. They preserve the lateral fluidity of the lipid molecules which is a 
fundamental property of native membranes. Lateral fluidity makes these platforms ideal 
for creating biosensors because they can readily mimic the same two-dimensional 
rearrangements that take place on cell surfaces during ligand-receptor recognition events. 
The forces that hold the bilayer at the solid/aqueous interface of a glass substrate involve 
electrostatic, van der Waals, hydrophobic, and steric interactions. A major problem is 
that the lipid bilayer is not stable in dry conditions. The thin layer delaminates from the 
interface if the film is exposed to the air/water interface.41,56,113,160-162 
Efforts to preserve the stability of supported bilayers upon exposure to air 
include but are not limited to the use of closed-packed protein layer linked to the lipid 
bilayer,161 the incorporation of lipopolymers within the supported lipid membrane,113 
and the addition of Trehalose.159   Recently, Albertorio and coworkers compared the 
efficacy of six disaccharide and glucose molecules for the preservation of supported 
lipid bilayer upon exposure to air.159 The results showed that α,α-trehalose was the most 
effective in preserving the integrity of SLBs upon exposure to air (Figure 6.1).  
Herein, we tested if samples treated with α,α-trehalose are able to survive 
traveling conditions.  Samples were prepared in the Department of Chemistry-Texas 
A&M University and then shipped to Washington, DC and the Unites Kingdom.  FRAP  
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Figure 6.1 A) Chemical structure of α,α-trehalose. B) Dehydration of supported 
phospholipid bilayers in the presence (right) and in the absence (left) of α,α-trehalose.  
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measurements show identical diffusion constants and mobile fractions of dye-conjugated 
lipid as before drying and shipping. 
 
6.3 Experimental 
Materials 
1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC) was purchased from 
Avanti Polar Lipids (Alabaster, AL). N-(Texas Red sulfonyl)-1,2-dihexadecanoyl-sn-
glycero-3- phosphoethanolamine (Texas Red DHPE) were obtained from Molecular 
Probes (Eugene, OR). α,α-Trehalose (99.5% was purchased from Fluka BioChemika 
(Buchs, CH). Purified water acquired from a NANOpure Ultrapure Water System 
(Barnstead, Dubuque, IA), had a minimum resistivity of 18.2 MΩ·cm, and was used in 
the preparation of all buffer solutions. Phosphate buffer saline (PBS) was prepared using 
10.0 mM sodium phosphate with the addition of 150 mM NaCl (Sigma-Aldrich).The pH 
was adjusted to 7.4 by the addition of NaOH (EM Science). Solutions of α,α-Trehalose 
were prepared in deionized water at 20% w/w. Poly(dimethylsiloxane) (PDMS) was 
used to fabricate PDMS wells devices.66 The polymer and crosslinker were purchased 
from Dow Corning (Sylgard Silicone Elastomer-184, Krayden Inc.). Glass microscope 
(VWR International) were cleaned and annealed according to established procedures.66 
 
Preparation of Small Unilamellar Vesicles and Bilayer Formation  
Small unilamellar vesicles (SUVs)163 were prepared with POPC and 0.1 mol % 
Texas Red DHPE as a fluorescent probe. Solutions with proper amount of each lipid 
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constituent were mixed in chloroform. A stream of dry nitrogen was used to evaporate 
the chloroform and the dried lipids were desiccated under vacuum for at least 4 hours. 
After evaporation of the solvent, the lipids were reconstituted in PBS buffer to a final 
concentration of 2.5 mg/ml and subjected to 10 freeze-thaw cycles. The solution was 
then extruded five times through a polycarbonate filter (VWR International) with a pore 
size of 50 nm to produce vesicles of uniform size. Small unilamellar vesicles prepared 
by this method were approximately 90 nm in diameter as determined by dynamic light 
scattering using a 90Plus Particle Size Analyzer from Brookhaven Instrument Corp. 
 
Fluorescence Recovery after Photobleaching (FRAP)  
FRAP86 measurements were performed using 2.5 W mixed gas argon/krypton ion 
laser (Stabilite 2018, Spectra Physics). Samples were irradiated at 568.2 nm for periods 
of ~1 second at 100 mW.A 13 μm full width at half-maximum bleach spot was made by 
focusing the light laser onto the bilayer through the 10x objective. The fluorescence 
recovery was measured using MetaMorph Software (Universal Imaging). The 
fluorescence intensity of a bleached spot was determined as a function of time after 
background subtraction and intensity normalization. The data was fit to single 
exponential equation. From these curves, mobile fraction of the dye-label lipids and the 
half-time of recovery, t1/2, were determined according to established procedures.86 The 
diffusion constant, D, could be acquired by employing the following equation: 
D = (w2/ 4t1/2) γD 
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where w is the full width at half-maximum of the Gaussian profile of the focused beam 
and γD is a correction factor that depends on the bleach time and the geometry of the 
laser beam.86 The value of γD was 1.1. 
 
Dehydration and Rehydration of Supported Phospholipid Bilayers  
Freshly formed bilayers were initially examined by fluorescence microscopy and 
analyzed by FRAP before the introduction of the sugar.  After, FRAP measurements 
were made, the buffer solution above the bilayer was exchanged for the sugar solution 
and allowed to incubated for 1 hour. Trehalose solution was prepared in PBS buffer 
where the amount of sugar in solution is given as a weight percent (w/w %). FRAP 
measurements were performed again to check the quality of the phospholipid bilayer in 
the presence of the sugar solution.  To dehydrate the bilayer, the bulk solution was 
removed from the PDMS well with a pipette and the platform was placed on top of the 
oven for approximately 30 minutes. The dried bilayer was again observed under a 
fluorescence microscope to inspect for any damage or delamination. Samples were then 
shipped to Washington, D.C. and the United Kingdom. After the samples were back in 
Texas theses were rehydrate with deionized water and analyzed by FRAP.  
 
Sample Shipment 
Samples treated with α,α-trehalose were labeled and packed inside small plastic 
boxes. The samples were shipped to Washington D.C. and to the United Kingdom. The 
idea is that during shipment, the supported membranes will be exposed to the non-sterile 
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conditions outside the laboratory setting and prove the applicability of the 
aforementioned technology.  
 
6.4 Results and Discussion 
In an initial set of experiments, supported phospholipid bilayers in PBS 
containing 99.9 mol % POPC and 0.1 mol % Texas Red DHPE were formed by vesicle 
fusion.  FRAP experiments showed that the bilayers were 2D-dimensional fluid with 
diffusion constants of 4.6 ± (0.3) × 10-8 cm2/sec. The sample recovered approximately 
97% of its initial fluorescence at t = ∞.  Then the aqueous solution was exchanged for 
the trehalose solution (20 w/w %) and incubated for 1 hour.  It should be noted that a 20 
w/w % solution of trehalose corresponds to a concentration of 0.6 M.  FRAP 
experiments were repeated after the introduction of 20 w/w % trehalose and similar 
results were obtained. Then the samples were dried and analyzed by fluorescence 
microscopy. Figure 6.2 shows fluorescence micrographs of the supported bilayer before 
and after drying from 20 w/w% trehalose solution. The sample showed uniform 
fluorescence and no evidence for delamination. To test sample stability, the samples 
were properly labeled, packed, and shipped to Washington, D.C. using standard post 
office services.  Samples shipped to Washington D.C. returned 20 days later. The 
samples were rehydrated and tested again to check if the bilayers were still functional. 
FRAP measurements demonstrated that the bilayer were still highly mobile. The inset 
image in Figure 6.3 shows a fluorescence micrograph of the bilayer right after 
photobleaching and again 300 sec later. The FRAP curve (Figure 6.3) refers to the  
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Figure 6.2 Images of supported POPC lipid membranes doped with 1 mol% Texas Red 
DHPE before drying (A), after drying (B) from 20 w/w % solutions of trehalose, after 
drying (C) in the absence of trehalose.  
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Figure 6.3 Fluorescence recovery after photobleaching curve for a supported bilayer 
shipped to Washington, D.C. and analyzed 20 days later. Insets: fluorescence 
micrographs of the bilayer showing the laser bleach spot both before and after recovery 
(red circles). 
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fluorescence intensity in the bleached spot as a function of time. As can be seen, 
relatively complete recovery was observed with a diffusion constant of 4.5 ± (0.3) × 10-8 
cm2/sec.  Moreover, the sample recovered over 90% of its initial fluorescence. 
A second group of samples were prepared following the procedure explained 
above.  These groups of samples were also prepared using vesicles composed of 99.9 
mol % POPC and 0.1 mol % Texas Red DHPE.  After drying the samples in the 
presence of 20 w/w% α,α-trehalose, the samples were properly labeled, packed, and 
shipped over sea to the United Kingdom.  Figure 6.4 shows fluorescence micrographs of 
the supported bilayer before (A) and after drying (B) from 20 w/w% trehalose solution. 
These images were taken before shipping the samples to the United Kingdom. Figure 6.4 
also shows the fluorescence micrographs of the supported bilayer right after arrived (C) 
from the United Kingdom and after rinsed and rehydrated (D) with deonized  water. 
Samples shipped to the United Kingdom returned 15 days later and there were tested in 
our laboratory.  All the samples tested shows similar behaviors. The inset image in 
Figure 6.4 shows a fluorescence micrograph of the bilayer right after photobleaching and 
again 300 sec later. The FRAP curve (Figure 6.5) shows relatively complete recovery of 
the fluorescence with a diffusion constant of 4.5 ± (0.5) × 10-8 cm2/sec.  Moreover, the 
sample recovered approximately 92% of its initial fluorescence.  
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Figure 6.4 Images of supported POPC lipid membranes before drying (A), after drying 
(B) from 20 w/w % solutions of trehalose, after returned (C) from the United Kingdom, 
and after rehydrated (D) with deionized water.  
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Figure 6.5 Fluorescence recovery after photobleaching curve for a supported bilayer 
shipped to the United Kingdom and analyzed 15 days later.  Insets: fluorescence 
micrographs of the bilayer showing the laser bleach spot both before and after recovery 
(red circles). 
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6.5 Summary and Conclusions 
In this study we showed that supported bilayers dried in the presence of α,α-
trehalose are able to survive robust conditions. Samples dried in the presence of 
trehalose were packed and shipped to two different destinations, Washington, D.C. and 
the United Kingdom. After several days of transport and exposure to non-sterile 
environment and stress that occur during shipment, FRAP measurements showed that 
the lipid bilayers were still mobile with high mobile fraction.  This open the doors 
towards creating working biosensors that could be dried in the presence of saccharides, 
shipped, and then later rehydrated in order to return to their original state. Also, the 
addition of the sugar does not alter the bilayer structure.  This drying procedure could be 
coupled to the electrophoresis technique. Species of interest can be separated in the 
membrane and then dried in the presence of trehalose for further analytical studies. This 
could open the area for studying protein crystal structure and sequence analysis of 
candidate proteins via mass spectrometry where samples need to exist under dry 
conditions.  
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CHAPTER VII 
CONCLUSIONS 
 
  The main goal of the research presented in this dissertation was to develop a new 
biological platform for use in making biophysical studies of membrane proteins and 
protein chromatography. As clearly stated in the introduction section, membrane 
proteins play a crucial role in many cellular processes by providing vital communication 
between the cell and its surroundings. The normal functions of this class of protein are 
fundamental to our health, and many damaged proteins have been associated to serious 
human diseases. Today membrane proteins are targets for the majority of drugs currently 
developed by the pharmaceutical industry. Thus, developing new tools for obtaining 
structural information could greatly improve the efficiency of drug discovery. 
The first goal of this project was to develop a solid supported lipid bilayer (SLB) 
that mimics the cell membrane/cytoskeletal network, in which biophysical studies of 
integral transmembrane protein can be done. SLB have been extensively used as model 
systems to study numerous cell membrane processes, but one well-know drawback of 
the system has been the successful incorporation of an integral transmembrane protein.  
Transmembrane protein mobility has been hindered by denaturation of these species on 
the underlying inorganic support. The thin layer of water that separates the bilayer from 
the substrate (~ 1 nm) does not offer an adequate space between the membrane and the 
substrate.  To solve this problem, I designed a “double cushion” bilayer system.  This 
new platform, as discussed in Chapter III, consisted of a first cushion layer formed by 
 132
uniformly adsorbing BSA onto a planar glass supports and a second layer formed when 
lipid vesicles containing polymer-conjugated lipids are fused on top of this first layer. In 
this double cushion system, the distance between the BSA layer and the lower leaflet of 
the bilayer can be manipulated by varying the density and size of the lipopolymer 
incorporated into the lipid bilayer. Diffusion constants in the order 10-8 cm2/sec with 
mobile fractions up to 75 % were obtained for a model transmembrane protein. This 
represents a significant improvement over other platforms fabricated directly on glass or 
using single cushion strategies. 
The second goal of this dissertation project was to develop a new biological 
platform for the purification of membrane associated species, such as lipids conjugated 
with fluorescent markers and peripheral proteins, in their native environment. As 
discussed in Chapter IV and V, this method consisted of a solid supported bilayer 
platform doped with cholesterol. Cholesterol was used to control the physical properties 
of the bilayer.  In Chapter IV, we achieved with high resolution and small band 
broadening, the separation of two isomers of Texas Red dye and a green dye, BODIPY. 
Our technique was sensitive enough to resolve into two distinct bands isomers of Texas 
Red-DHPE. The separation of isomers is not simple since the difference between the two 
compounds in only structural.  Isomers of the same compound have the same charge and 
molecular weight. In our supported platform, the separation of isomers was possible 
because they presumably interact differently with the lipid bilayer due to their structures.   
This difference in interaction most likely lead to different migration speeds.  In Chapter 
IV, this electrophoretic platform was modified to be able to move and separated 
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peripheral proteins. We showed that we could electrophoretically move fluorescently 
labeled streptavidin proteins bound to a bilayer via a biotinylated lipids present within 
the supported membrane. The separation of doubly bound proteins from singly bound 
proteins was achieved with high resolution. For the first time, this platform allows for 
the direct observation of the different valency states of ligand-receptors pairs.  
The next goal is to extend this electrophoretic technique for the separation of 
transmembrane proteins. Prior to achieving this objective, it is important to modify the 
composition of the bilayer to accommodate transmembrane species. I have already 
accomplished this goal (Chapter III) and shown that the proper bilayer composition can 
maintain transmembrane fluidity. Combining the double cushion bilayer platform with 
the electrophoretic technique outlined in Chapter IV, we should be able to extend this 
method to separate transmembrane proteins within their native environment as shown in 
Figure 7.1.  
 
7.1 Electrophoretic Separation in Microfluidic Devices 
 One of the advantages of our electrophoretic platform is the possibility of 
combining this technique with microfluidics for the separation and analysis of membrane 
species on a single chip.  Initial experiments in this area were performed using a simple 
microfludic device. Figure 7.2 illustrates a schematic diagram of the microfluidic device. 
The device consists of two channels; channel A (200 μm) and channel B (100 μm). To 
apply a voltage across channel B two platinum electrodes were placed into holes in the 
PDMS of the microfluidic device.  
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Figure 7.1 Strategy to separate transmembrane proteins using double cushion to prevent 
immobilization.  
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Figure 7.2 Schematic representation of a T-form microfluidic device used for the 
electrophoresis experiment.  The device consists of two channels connected together in 
T-form.   
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 In a first set of experiments, we demonstrated the ability to electrophoretically 
move Texas Red labeled lipids inside the microfluidic device.  First, the two channels 
were filled with DI water. Then a vesicle solution containing POPC and of 1 mol % 
Texas Red DHPE was flowed across Channel A. The vesicles fused to this area, creating 
a supported bilayer with Texas Red DHPE in it. After rinsing to remove unfused vesicles, 
the separation bilayer was formed in Channel B by flowing vesicles composed of 100 
mol % POPC across Channel B. Figure 7.3A shows a cartoon representation and 
epifluorescence micrograph of the system. A 100 V potential (DC) was applied parallel 
to the plane of the membrane formed inside Channel B (Figure 7.3 B).  Because Texas 
Red DHPE lipids are negatively charged, they will migrate toward the positive electrode. 
We monitored the lateral movement of the Texas Red lipids as a function of time using 
an inverted microscope. Figure 7.3B shows an epifluorescence micrograph of the system 
after applying a 100 V across the channel for 30 minutes. As shown, we were able to 
move, by electrophoresis, Texas Red DHPE lipids inside a microfluidic channel.  
 One of our Laboratory future goals is to design a microfluidic platform whereby 
we separate and analyze multiple proteins at the same time using a single microfluidic 
device. This high trough-put platform can be easily coupled to other techniques such as 
mass spectrometry for proteomics applications.  A design of a possible device is 
illustrated in Figure 7.4. Figure 7.5 shows a 3D-cartoon of the separation experiment. 
The experiment consists of four steps.  First, vesicles containing the analyte are 
introduced through the left side channel. Then vesicles containing the desired 
composition to form the separation bilayer are introduced into the rest of the device.  
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Figure 7.3 Texas Red- DHPE labeled lipids migrating in pure POPC bilayer. A) Cartoon 
representation and epifluorescence micrograph of the system before applying a potential 
across the bilayer. B)  Cartoon representation and epifluorescence micrograph of the 
system after applying 100 V across the bilayer for approximately 30 minutes.  
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Figure 7.4 Schematic diagram of a microfluidic device for proteomic applications.  
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Figure 7.5 Schematic illustration of an electrophoresis experiment inside a microfluidic 
device. (1-2) Species are separated in the x-direction first.  (3-4) Then the voltage is 
changed to the y-direction to collect the samples.  
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A voltage can be applied across the bilayer to separate the species in the x-direction. 
Then, the direction of the voltage can be changed to collect the species into spots as 
shown in Figure 7.5. 
 
7.2 Catalysis on a Chip-Biosensor Device 
Another exciting application is the possibility of using our electrophoretic 
platform as a medical diagnostic device for the early detection of human disease.  
Certain enzymatic reactions can lead to the formation of ‘biomarkers’ which can indicate 
the onset of a particular disease. For example, the increased hydrolysis of a particular 
ganglioside is to related to Alzheimer.164  Thus an interesting system that we could study 
is the hydrolysis of gangliosides, such as GM1, by the enzyme β-galactosidase. β-
galactosidase is a hydrolase enzyme that is responsible for the hydrolysis of β-
galactosides into monosaccharides.165 Some of the substrates for this enzyme include but 
are not limited to ganglioside GM1, lactosylceramides, and some glycoproteins. GM1 are 
membrane lipids in which the polar head group is a complex oligosaccharide containing 
a sialic acid and other monosaccharide residues (Figure 7.6). 
Figure 7.7 shows a schematic representation of the proposed experiment. We 
have previously showed that we can prepare solid supported lipid bilayers by the fusion 
of POPC vesicles containing GM1.145 GM1 bears a net charge of  negative 1.166  Under an 
electric field we expect GM1 to migrate toward the positive electrode (Figure 7.7A). The 
GM1 lipid exhibits a specific mobility which can be calculated from the velocity profile,  
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Figure 7.6 Chemical structure of ganglioside GM1.167  
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Figure 7.7 Catalysis on a chip. (A) Before adding the enzyme, the species of interest 
travel a distance equal to x. (B) After the reaction of the enzyme with the species of 
interest (e.g. hydrolysis) the species travel a distance y different from distance x.  
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which depends on the applied potential. Addition of β-galactosidase causes the 
hydrolysis of GM1, releasing a D-galactose moiety.  After applying a potential across the 
supported membrane we expect the ganglioside to exhibit a different electrophoretic 
mobility (Figure 7.7B).  By measuring the change in the electrophoretic mobility, one 
can determine important parameters, such as the stoichiometry of the reaction and the 
enzyme efficiency.  
In conclusion, this dissertation project further supports the importance of solid 
supported phospholipid bilayers as cell biomembrane mimics. This biological platform 
can be coupled within microfluidics devices and with numerous analytical techniques, 
such as fluorescence microscopy, mass spectrometry, and atomic force microscopy. This 
opens the door to the development of novel proteomics methodologies that will elucidate 
a variety of biological processes. 
The double cushion system developed here mimics the cell 
membrane/cytoskeletal network. This new system presents a new biological platform in 
where biophysical study of transmembrane proteins, such as ion transport, protein-
protein interactions, and binding, can be studied.  Furthermore, this novel biological 
platform can be coupled to our electrophoresis technique for the purification and study 
of transmembrane species. The separated species can be characterized with non-label 
techniques, such as mass spectrometry, for proteomics applications.  Finally, a biosensor 
device can be designed for the early detection of human diseases. 
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